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This thesis focuses on the assembly of anisotropic nanocrystals using an electric field 
assisted assembly method. The studies involve the precise control of electrophoretic 
deposition (EPD) in a non-polar solvent causing the elongated nanoparticles to rotate to 
align along the field direction and to organise at a substrate.  
Chapter 1 offers the introduction to the colloidal nanocrystals and the development of 
synthesis techniques and assembly approaches. The history of the conventional EPD 
method and its recent utilization on nanomaterials are also reviewed.  
The typical synthesis strategy and the EPD set-up of nanorods are detailed in Chapter 2 
along with an overview of the characterization techniques used in this study. 
The shape of the nanorods and the asymmetrical atomic distribution, such as uniaxial 
crystallographic structure, are the main reasons causing their alignment in the electric 
field. The choices of the ligands with different functional groups not only dominate the 
crystal growth during synthesis but provide the nanocrystals with variable surface 
charges. The effects of all these parameters on the assembly formation under an electric 
field are systematically investigated with computational modelling in Chapter 3.  
Chapter 4 investigates the two-stage assembly of quaternary semiconductor Cu2ZnSnS4 
nanorods at substrates using both self and directed methods. The nanorods preassemble 
into 2D discs by self-organisation, and these discs are deposited into conformal layers at 
substrates using the electric field. The intermediate self-assembly step can be eliminated 
by carrying out a judicious ligand exchange allowing selectivity for dimensional control 
of layer formation from nanorod building blocks in one two and three dimensions. 
Chapter 5 describes the preparation of supercrystal films consisting of highly ordered 
and vertically aligned CdSeS nanorod emitters which are regarded as one of the most 
promising laser materials due to their tunable and directional emission spectra, high 
damage threshold and low energy formation processes. The outstanding optical 
characteristics are further demonstrated by the occurrence of amplified spontaneous 
emission from a customized shaped microcavity.  
Chapter 6 investigates the sequential application of the EPD mechanism to both gold 
nanorods and semiconductor CdSexS1-x nanorods. The process results in the formation 
of the heterostructures across the three layers using just two deposition steps. This 
strategy includes the deposition and re-dispersion of the former materials at the 
substrates that is the primary reason for this unique structure to occur.  
Chapter 7 summarizes the conclusion gained from each chapter and offers suggestions 





I declare that no portion of the work referred to in the thesis has been submitted in 
support of an application for another degree or qualification of this or any other 














It is such as wonderful journey for myself going through this unique PhD experience. I 
had a great time studying, researching and exploring this interesting topic in the 
University of Limerick. It is completely fair to say that it is impossible to complete this 
thesis without the generous help and support I received during the past four years. I 
would like to express my gratitude to the many people who have contributed. 
First, I feel very fortunate to have Prof. Kevin M. Ryan as my supervisor. I would like 
to thank him for offering me this great opportunity and his knowledge and 
encouragement have greatly inspired me for developing my own thoughts and making 
them real. I would have fallen at so many obstacles without his unswerving assistance. I 
also would like to acknowledge Science Foundation Ireland for funding this research.   
I started this project with little knowledge of this area and the technical skills. I would 
like to thank all the current and the past labmates of Kevin’s group for all the useful 
discussions and exchanging ideas. Dr. Claudia Coughlan, Dr. Grace Flynn, Martin 
Sheehan, Gerard Bree, Huan Ren, Killian Stokes, Sarah Foley, Dr. Luis.Padrela and Dr. 
Hugh Geaney all donate their valuable time teaching and sharing their appreciated 
knowledge and experience. I also greatly appreciate the assistance from the past group 
members: Dr. Shalini Singh for discovering the CdSeS nanorods which half of my 
thesis is based on, Dr. Ajay Singh, Dr. Kumaranand Palaniappan, Dr. Jian-jun Wang, Dr. 
Bin Zhao, Dr. Emma Mullane, Dr. Michael Brandon, Dr. Tadgh Kennedy and Dr. 
Michael Bezuidenhout. You are all young, innovative and unstoppable scientists in this 
field. It is such a pleasure to work with all of you and I wish you every success in the 
future.  
I had the honor to work with some wonderful collaborators outside our group. Dr. Ning 
Liu and Dr. Christophe Silien are great physicists, thank you for the time spent and 
getting me started on the another field of my materials. Dr Serguei Belochapkine knows 
anything and worth knowing about the electronic microscopes and most other 
instruments. Dr. Yina Guo is a master of SEM and TEM to a level that I can only 
admire. Thanks to Dr. Fathima Laffir, Dr. Lekshmi Kailas and Dr. Wynette Redington 
for training me the XPS, Raman, FTIR and XRD.  
I’d like to thank all my friends in Limerick, Grace, Shalini, Claudia and Martin who 
kept me entertained and showed me ‘the Irish Night life’. You guys are brilliant and 
thanks for sharing your ideas of research, shoes, hair and shopping stuff.  
Finally, an enormous gratitude to my family for their support and understanding, 
especially to my parents, this cannot be accomplished without your help. I thank my 
other half, Cui for his encouragement and help. I think I am very lucky to have your all 




List of Abbreviations 
0D  Zero Dimensional 
1D  One Dimensional  
1-DDT  1-Dodecanethiol 
1-ODE  1-Octadecene 
2D  Two Dimensional  
3D  Three Dimensional  
DFTEM Dark Field Transmission Electron Microscopy 
CdS  Cadmium Sulfide  
CdSe  Cadmium Selenide  
CdTe  Cadmium Telluride  
CdSeS CdSexS1-X, Cadmium Selenide Sulfide 
CIGS Copper Indium Gallium Sulfide 
CIGSSe Copper Indium Gallium Sulfide 
CTAB Cetrimonium Bromide Sulfide Selenide 
CZTS  Cu2ZnSnS4, Copper Zinc Tin Sulfide  
CZTSe  Cu2ZnSnSe4, Copper Zinc Tin Selenide  
CZTSSe  Cu2ZnSn(Sse)4, Copper Zinc Tin Sulfide Selenide  
DF-STEM  Dark Field Scanning Transmission Electron Microscopy  
DLS Dynamic Light Scattering 
EBSD Electron Backscatter Diffraction 
EDX  Energy Dispersive X-ray Spectroscopy  
EPD  Electrophoretic Deposition 
FIB Focused Ion Beam 
FFT  Fast Fourier Transform  
vii 
 
FTIR Fourier Transform Infrared Spectroscopy 
FWHM Full Width at Half Maximum 
GNRs Gold Nanorods 
HPA  Hexylphosphonic Acid  
HRTEM  High Resolution Transmission Electron Microscopy  
IPA Isopropanol 
ITO Indium Tin Oxide 
MSA Mercaptosuccinic Acid 
OA  Oleic Acid  
ODPA  Octadecylphosphonic Acid  
OLA  Oleylamine  
PL  Photoluminescence  
PMMA Poly(methyl methacrylate) 
SAED  Selected Area Electron Diffraction  
SEM  Scanning Electron Microscopy 
STEM  Scanning Transmission Electron Microscopy 
t-DDT  Tert-Dodecylmercaptan  
TDPA  Tetradecylphosphonic Acid  
TEM  Transmission Electron Microscopy 
TOAB Tetraoctylammonium Bromide 
TOP  Trioctylphosphine  
TOPO  Trioctylphosphine Oxide 
UV-Vis  Ultraviolet-Visible Spectroscopy 
XRD  X-ray Diffraction 




List of Publications 
Journal Articles 
1. Liu, P.; Singh, S.; Guo, Y.; Wang, J.; Xu, H.; Silien, C.; Liu, N.; Ryan, K. M. 
Assembling Ordered Nanorod Superstructures and Their Application as 
Microcavity Lasers. Submitted. 
2. Liu, P.; Singh, S.; Bree, G.; Ryan, K. M; Complete Assembly of Cu2ZnSnS4 
(CZTS) Nanorods at Substrate Interfaces Using a Combination of Self and 
Directed Organisation. Chem. Commun. 2016, 52, 11587-11590. 
3. Singh, S.; Brandon, M.; Liu, P.; Laffir, F.; Redington, W.; Ryan, K. M. 
Selective Phase Transformation of Wurtzite Cu2ZnSn(SSe)4 (CZTSSe) 
Nanocrystals into Zinc-Blende and Kesterite Phases by Solution and Solid State 
Transformations. Chem. Mater. 2016, 28, 5055–5062. 
4. Gill, E.; Liu, P.†; Ryan, K. M. Insights into the Electrophoretic Deposition of 
Colloidal II-VI Nanorods: Optimization for Vertically and Horizontally Aligned 
Assemblies. J. Electrochem. Soc. 2015, 162, D3019–D3024. †Joint First Author 
5. Singh, S.; Liu, P.; Singh, A.; Coughlan, C.; Wang, J.; Lusi, M.; Ryan, K. M. 
Colloidal Cu2ZnSn(SSe)4 (CZTSSe) Nanocrystals: Shape and Crystal Phase 
Control to Form Dots, Arrows, Ellipsoids, and Rods. Chem. Mater. 2015, 27, 
4742–4748. 
6. Wang, J.; Liu, P.†; Ryan, K. M. A Facile Phosphine-Free Colloidal Synthesis of 
Cu2SnS3 and Cu2ZnSnS4 Nanorods with a Controllable Aspect Ratio. Chem. 
Commun. 2015, 51, 13810–13813. †Joint First Author 
7. Bezuidenhout, M.; Liu, P.; Singh, S.; Kiely, M. Promoting Cell Proliferation 
Using Water Dispersible Germanium Nanowires. PLoS One 2014, 9, e108006. 
8. Ryan, K. M.; Singh, S.; Liu, P.†; Singh, A. Assembly of Binary, Ternary and 
Quaternary Compound Semiconductor Nanorods: From Local to Device Scale 
Ordering Influenced by Surface Charge. CrystEngComm 2014, 16, 9446–9454. 
†Joint Second Author 
9. Wang, J.; Liu, P.; Seaton, C. C.; Ryan, K. M. Complete Colloidal Synthesis of 
Cu2SnSe3 Nanocrystals with Crystal Phase and Shape Control. J. Am. Chem. Soc. 
2014, 136, 7954–7960. 
10. Wang, J.; Singh, A.; Liu, P.; Singh, S.; Coughlan, C.; Guo, Y.; Ryan, K. M. 
Colloidal Synthesis of Cu2SnSe3 Tetrapod Nanocrystals. J. Am. Chem. Soc. 2013, 
135, 7835–7838. 
Patent 
11. Liu, P.; Liu, N.; Ryan, K. M. (2016) Lasing from Highly Aligned CdSeS 
Nanorod Thin Film by Electrophoretic Deposition. Patent Pending 
1 
 
Chapter 1: Introduction 
1.1 Nanocrystals 
Nanocrystals are crystallized particles whose size is in the range of 1–100 nm. However, 
within this range, some crystals are nanoscale in three dimensions (nanoparticles, 
quantum dots); others are only nanosize in one (graphene sheets, nanoplates) or two 
directions (nanowire, nanobelts). Nanomaterials have attracted significant attention in 
research worldwide because they demonstrate unique physical and chemical properties in 
the nanoparticle regime. The ultra-small morphologies enable the surface chemistry of 
nanocrystals to be more active than in bulk materials due to the large specific surface area. 
Moreover, the aggregation and assembly of nanocrystals exhibit characteristic properties 
beyond the simple summation of those of single particles, especially for electric and 
optoelectronic devices.1–6 The performance of nanocrystal-based devices strongly relies 
on the structure and shape of nanocrystals, which requires us to have a deep understanding 
of their physical and chemical nature. 
1.1.1 Properties of semiconductor nanocrystals 
The band gap of a bulk semiconductor material is the minimum energy required to excite 
an electron from the valence band into the conduction band, accompanied with a hole 
created in the valence band. Relaxation of the electron back to the ground state leads to 
the energy being released, normally in the form of photon emission (radiative 
recombination). When this material is nanoscale, with its size smaller than a particular 
value, the energy of the created electron–hole pair (which is termed an exciton) is raised 
and confined. It results in more energy being required to excite the electron and more 
energy released. This particular size is called the excitation Bohr radius, which is a 
material-dependent physical constant. Consequently, the sizes of nanocrystals relative to 
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the Bohr radius have a role in determining their properties. Figure 1.1a shows the UV-vis 
absorption and fluorescence spectra of CdSe nanocrystals showing quantum confinement 
and size tunability. In fact, it is estimated that even at a nanomaterial size that is 10 times 
its Bohr radius, one can still observe the size-dependent excitation and recobination.7 
 
Figure 1.1 (a) UV-vis absorption (upper) and fluorescence (lower) spectra of CdSe semiconductor 
nanocrystals showing quantum confinement and size tunability; (b) Impact of shape on the 
electronic and surface properties of semiconductor nanocrystals. Band gaps of CdSe quantum 
wells, wires and dots are plotted against the length of the confined dimension. The bulk band gap 
and exciton diametre are noted on the axes.8 
II–VI nanocrystals such as cadmium chalcogenides and copper chalcogenides (CdX and 
CuX, X = S, Se and Te) have been intensively investigated in their synthetic exploration 
(top-down and bottom-up syntheses), morphologies (size, shape, core–shell structure), 
phase control and transformation (wurtzite, cubic, chalcopyrite and their heterostructures) 
and the subsequent assembly. The band gap of II–VI semiconductor materials can be 
easily tuned in a wide range (1.4 eV to 2.8 eV) by changing the shape and composition 
(Figure 1.1b). The state-of-the-art in synthesis development has produced these 
nanocrystals with a massive range of morphologies and phase selections. The zinc blende 
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structures with cubic symmetry are often observed in spheres, cubes, pyramids and wires-
shaped nanocrystals (Figure 1.2a-d). The wurtzite structure with P63mc space group 
results in nanoplates and nanorods with the growth direction of <001> (Figure 1.2e-h). 
The more precisely control of the thermodynamic and kinetic conditions is required to 
obtain a heterostructure or branched morphology (Figure 1.2 i-l). Anisotropic one-
dimensional (1D) nanocrystals (nanorods, nanowires) providing advantages in carrier 
transportation and polarized emissions along their growth directions are of interest and 
they have been shown to facilitate photovoltaic and photocatalysis applications. 
 
Figure 1.2 Possible shapes of nanocrystals in 0D, 1D, 2D and 3D morphologies with zinc blende 
(cubic) and wurtzite structures.9 
1.1.2 Colloidal synthesis of nanocrystals 
Colloidal II–VI semiconductor nanocrystals (i.e. CdX, CuX, ZnX, PbX and their alloys, 
where X is S, Se or Te) with precisely controlled morphologies can be synthesized by the 
well-developed wet-chemical approach. The starting materials for this reaction include 
metal salt or organometallic compound precursors, capping ligands, solvent and 
chalcogenide ion precursors. This method typically employs organic molecules with 
functional groups serving as capping ligands to control the binding of metal cations and 
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chalcogenide ions and the subsequent growth from small nuclei to nanoscale particles. To 
understand the growth mechanism, the theory of colloidal nucleation was investigated by 
LaMer and Dinega in 195010 using sulfur sol as an example and was later used to explain 
the growth of nanocrystals by Murray et al.2,11,12 The nucleation process is illustrated in 
Figure 1.3a, indicating the three clear stages after injection at high temperature: (I) the 
injection procedure increases the concentration of reagent to a critical value (marked as 
Nucleation Threshold in Figure 1.3a) that promotes the reaction direction towards the 
process of self-nucleation. (II) A ‘burst nucleation’ is initiated that significantly reduces 
the concentration of precursors. The nucleation rate is not only determined by the 
concentration of starting materials but also by reducing the potential of the precursors. 
Hence, the choice of the precursor is influential. (III) As the starting materials are 
consumed, and the concentration drops below that critical value, no new nuclei are formed 
and the particles continue to grow on the existing nuclei until the concentration reaches 
equilibrium. In the case of homogeneous nucleation, uniform particles are achieved by 
the addition of molecules onto the existing nuclei in a self-sharpening growth process. 
However, in other cases, a process called Ostwald ripening or defocusing will occur 
where larger particles continue to grow while smaller particles become smaller and finally 
dissolve as the reactants are depleted. Non-uniform growth and polydispersed particles 
are the final product in this case. Burda et al.2 investigated the mechanism of synthesizing 






where ΔG is the total change of free energy, which consists of two parts: the generation 
of new volume and new surfaces before and after the nucleation. The V is the molecular 
volume of the precipitated species, r is the radius of the nuclei, kB and T are the Boltzmann 
constant and the temperature, S is the saturation ratio (S > 1) and ρ is the surface free 
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energy per unit surface area. A maximum value of ΔG takes place at a critical nucleus 
size r* (marked in Figure 1.3b), which is also the starting point for the subsequent stage 
growth because ΔG starts decreasing after this transitional point. Nuclei begin to grow 
further into particles after the maximum value of ΔG is reached in practical nanocrystal 
syntheses. 
 
Figure 1.3 (a) The stages of nucleation and growth for the preparation of monodisperse 
nanocrystals in the framework of the LaMer model.10,11 (b) Illustration of the overall free energy ∆G 
as a function of the particle size r.2 (c) The crystal model of wurtzite nanocrystals covered by 
capping ligands.13 (d and e) Dark field and bright field TEM images of PbSe nanocrystals; the scale 
bar in (d) is 2 nm, the scale bar in (e) is 50 nm.14 
Because the as-synthesized bare nanoparticles during the reaction are not 
thermodynamically stable, they tend to aggregate with other particles to produce 
secondary growth. To obtain a stable nanoparticle suspension, organic ligands are 
necessary to arrest nanocrystals by forming a surface protecting layer (Figure 1.3c). The 
interaction between ligands and solvent increases the repulsive force between the 
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particles and increases the barrier to aggregation. Figure 1.3d shows an image of a single 
PbSe nanoparticle under dark field TEM, and Figure 1.3e shows the aggregation of these 
particles with an interparticle distance of ~2 nm, which is the thickness of two capping 
ligand shells. 
Table 1.1 The effect of synthesis parameters on the shape and phase of product of Cu2SnSe3 
nanocrystals.15 
 
Through the above discussion on the nucleation mechanism, it is clear that parameters 
such as functional head groups of organic ligands, choice of metal salt and ion precursor, 
temperature, reagent concentration and solvent all play a role in determining the size, 
phase and monodispersity of the resulting nanocrystals. Colloidal nanocrystals in a broad 
range of compositions with a quite narrow size distribution of ~5% can now be 
synthesized by this well-developed routine. Changing one or two of the above parameters 
solely or via an aliquot study are the two most common ways to control and understand 
the growth process. Table 1.1 gives examples of the shape and phase evolution of 
Cu2SnSe3 nanocrystals obtained where control of these parameters are influential. In R1 
and R2, the wurtzite CuSe nanocrystals were formed initially with Sn gradually joining 
in. On the contrary, cubic nucleation occurs in R3 and R4 with cation and ion precursors 
reacts only at high temperature. It is shown the selection of precursors, the way they are 




Anisotropic nanocrystals with a specific shape, phase or heterostructure can also be 
kinetically engineered by selecting certain ligands that prefer to attach on a certain facet 
of crystals to arrest the growth in that direction. This principle has been used to grow 
wurtzite CdSe nanorods that have a highly anisotropic atomic structure and the growth 
rate in the (001) plane is much faster than for the other planes.16,17 This is attributed to the 
high surface energies of the (001) plane, that it will likely bond with organic ligands, the 
energy will be reduced once the bond is formed. Therefore, the judicious selection of 
ligand is necessary for the process by considering their controllability in the nucleation, 
growth, chemical, and colloidal stability. The organic molecules with the single head 
group and long hydrocarbon chain (alkylphonsphonic acid, alkylamine and alkylthiol) are 
most commonly used because they have strong ability to bind with cation species, also 
result in nanocrystals with hydrophobic, thick and insulating capping layer. A number of 
reviews have also summarized the development of the shape evolution of nanocrystals in 
particular species in recent decades, such as heteronanocrystals,18,19 semiconductors20–23 
and metals.4,24–26 
1.2 Assemblies of nanocrystals 
Obtaining highly ordered assemblies of semiconductor nanocrystals provides enormous 
possibilities to collectively exploit their unique functional properties at a device scale. 
These close-packed superstructures with regular positional distribution of nanocrystals 
have been found to exhibit unique harnessed properties compared to solids comprised of 
irregularly aggregated particles.3,5,27–29 A number of theoretical modeling by illustrating 
their phase diagrams demonstrate that it is possible to obtain the close-packing structure 
of both single-component and multicomponent nanocrystals. These simulations have 
been confirmed experimentally in numerous literature.2,30–32 The development of many 
assembly routes, including non-directed and directed assembly have enabled the 
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formation of numerous complex structures that are promising for magnetic, electronic, 
optical, sensing and catalytic applications. 
1.2.1 Types of assemblies 
Single-component superstructures 
The shape of the building blocks plays a role in the nanocrystal-assembly process and is 
influential in determining the geometry of the resulting organization and the direction of 
the assembly growth. From a thermodynamic perspective, assemblies are formed due to 
the minimization of total free energy in the system and the interparticle space is most 
efficiently utilized.27 Highly ordered structures are observed that possess higher entropy 
than an amorphous structure.33 For 0D spherical particles, the most close-packed structure 
they tend to form is hexagonal (hcp), however, by varying the nanocrystals and ligand 
concentration or introducing additional ligands, other types (linear, honeycomb, cubic 
(ccp) are also achieved as long as they obey the thermodynamic condition (Figure 1.4a 
and b). For 2D and 3D nanocrystals, because the differentiation in surface energy of 
different facets is more apparent than for 0D nanocrystals, the growth directions of their 
superstructure are also changeable (Figure 1.4c–e). Miszta et al.34 reported the 
superstructure assembled by CdSe/CdS octoptapods into two sequential levels where the 




Figure 1.4 (a) A TEM image shows PbSe nanocubes assembled into a linear structure, and (b) 
hexagonal superlattice by changing the concentration of nanocrystals concentration and ligands;14 
(c) A TEM image of Cu2–xSe nanoplate assembled into columnar structure;35 (d) Honeycomb-like 
networks of ZnTe/CdTe tetrapods are formed by adding poly(methyl methacrylate) (PMMA) to the 
solution;36 (e) SEM image of a cluster assembled by CdSe/CdS octoptapods.34 
Because of the lower asymmetry of the 1-D nanocrystal, the assembly of anisotropic 
nanocrystals requires both positional and orientational ordering. A large collection of 
superstructures, which are divided into non-close-packed structures and close-packed 
structures, in various dimensions can be produced (Figure 1.5). The non-close-packed 
structures include 1D chains formed by the end-to-end assembly and rail tracks formed 
by the side-by-side assembly (Figure 1.5a-b). These rail tracks can be extended to 
macroscopic length scales and are obtained by slow evaporation of the solvent. The 
critical factor determining whether the nanorods form side-by-side or end-to-end 
assembly is the charge state on the nanorod, which can be adjusted by the solvent 
environment or ligand condition.37 The concentration of nanocrystals also plays a role 
during the evaporation step. It has been found that side-by-side is a more stable 
configuration for CdS nanorods because it provides much less interparticle distance 
(centre–centre distance) than end-to-end for 1D particles.38 
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Among different types of close-packed assemblies, 2D vertical alignment is the most 
commonly produced (Figure 1.5d). A 3D ordered organization is hence possible when 
several of these 2D sheets are positioned overlapping each other, as shown in Figure 1.5g 
When the two overlapped 2D monolayers locate in a rotational offset, a serial of distinct 
Moiré patterns are observed instantly from TEM, allowing the exact angle of rotation to 
be determined from their respective size and symmetry orders.39 The nematic and smectic 
ordering are two general types of close-packed ordering (Figure 1.5e-f). Nematic ordering 
only exhibits the long-range orientational order but have no positional order. Meanwhile, 
both orientational and positional order of nanorods are observed in the smectic ordering. 
In addition, a more complex geometry has been created by the horizontal and vertical 
arrangement of nanorods. The formation of supercrystals with geometries including 
needles, spheres and cylinders are obtained by engineering the surface chemistry of 
CdSe/CdS nanorods (Figure 1.5h).40,41 These 3D configurations have demonstrated 




Figure 1.5 Colloidal 1-D nanoscale building blocks (shown in the centre) can be self-organized to 
produce a variety of non-close-packed (A and B) and close-packed (C–H) configurations.41,42 
Multicomponent superstructures 
One of the necessary conditions to produce a highly ordered superstructure is that the 
building blocks (nanocrystals) need to be uniform in size. However, the recent 
development of nanocrystals assemblies comprising of the multiple components with 
large morphology variations has overcome this restriction. The first binary superstructure 
of particles A with diametre 181 nm and particles B with 105 nm was found by Sanders 
et al. in a particular sample of Brazilian natural opal in 1980.43 With the knowledge gained 
from comprehensive understanding of the interparticle interaction and surface chemistry 
of nanocrystals, formation of assemblies comprising two or more types of nanocrystals 
with apparent differences in compositions, sizes and shapes are demonstrated. The 
maturity of the technology allows researchers to explore high-quality, wafer scaled 




Figure 1.6 Examples of recently reported multicomponent superstructures using the combination 
of the following building blocks: (a–c) spheres,44–46 (d) discs,47 (e and f) rods,48,49 (g) cubes,50 (h) 
tripodal nanoplates and rhombic nanoplates,51 (i and j) wires,52,53 (k) triangular nanoplates.45 The 
scale bar of (f) is 50 nm and the scale bar of (g) is 200 nm. 
0D nanoparticles became the leading nanomaterials in the early attempts at binary 
assembly due to the simplicity of the shape and developed synthesis routine. Researchers 
have applied the rules of crystallography to categorize the accomplished supercrystals 
into AlB2, CsCl, AB, AB2, AB3, AB4, AB5, AB6, CuAu, MgZn2 structures and more 
(Figure 1.6a–c).54–56 Even more complex nanocomposites using anisotropic nanocrystals 
as building blocks can also be assembled by liquid interfacial techniques (Figure 1.6d-g) 
or in combination with shape complementarity (Figure 1.6g and h). The shape of 
nanocrystals is used as a powerful tool to engineer the architecture of supercrystals. The 
binary self-assembly of alkylthiol capped gold nanoparticles in different aspect ratios are 
demonstrated in Figure 1.6i-j with an interesting scenario that the longer gold nanowires 
drive the oriented assembly of gold nanoparticles and nanorods.52,53 Figure 1.6k shows 
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the small 0D PbSe nanoparticles fill the interspace between LaF3 triangular nanoplates in 
binary assemblies.45  
1.2.2 Routes to assemble nanocrystals 
Self-assembly 
Synthesis of colloidal nanocrystals and the assembly procedure are accomplished in two 
distinct steps in most cases. Self-assembly is the most widely used method to construct 
nanocrystals into highly ordered superstructures by arranging themselves spontaneously. 
Even though the term ‘self’ is used here, the nanoparticles are actually driven by van der 
Waals force and steric repulsive force to achieve the most stable configuration by either 
decreasing interparticle distance (by evaporation of solvent) or forming chemical bonding 
with other particles (ligand–ligand interaction). Both methods change the chemical 
environment of the nanocrystals and drive them to move and repack to eventually reach 
thermodynamic equilibrium. 
The self-assembly (generally means evaporation-induced assembly) procedure typically 
includes the preparation of a good dispersion of nanocrystals in an optimal concentration 
and the subsequent slow evaporation of the solvent (Figure 1.7a). The evaporation step 
will take from a few hours up to a few days. In some cases, the resulting aligned arrays 
need to be transferred to an alternative substrate for further characterisation or treatment. 
This technique, which is easy to perform, has been widely applied to assemble spherical 
and many other anisotropic particles. The evaporation rate is believed to be one of the 
key parameters. To ensure a constant evaporation rate, the choices of solvent and 
evaporation temperature need to be addressed based on the corresponding vapor pressures. 
Chaotic clusters of nanocrystals often result from an overly fast evaporation rate.57,58 
Instead of using a uniform surface, a patterned template where a patterned region having 
a different binding ability with nanocrystals can be used as the substrate for evaporation, 
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during which the drying force leads to the gathering of nanocrystals with precise position 
and orientation.59–61 Good progress has been made on the liquid interfacial evaporation 
technique to achieve better ordering and a more complicated system. Figure 1.7b shows 
a schematic of the large area formation of evaporation-induced supercrystals using 
diethylene glycol as an immiscible polar subphase while allowing the non-polar solvent 
on the top layer to evaporate slowly. The centimetre scale densely packed monolayer or 
multilayer of nanocrystals can be subsequently transferred to another surface such as a 
TEM grid or silicon wafer for observation. 
 
Figure 1.7 The evaporation-induced assembly methods at (a) liquid–air interface and (b) liquid–
liquid interface.38,62 
Additives 
Carbon materials, polymers and biopolymers (carbon nanotubes,63 poly(methyl 
methacrylate (PMMA), DNA, proteins, etc.) open the pathway for the assembling of 
nanoparticles for the biosensing field because they strongly enhance the interparticle 
interactions and are also considered as an alternative form of the template by forming 
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chemical bonds with nanoparticles by functional groups64 (Figure 1.8a–d). Polymers with 
large molecular weights not only change the viscosity of the system but their binding and 
curing abilities also stabilize the structure of the 3D nanocrystal architecture.65 
 
Figure 1.8 (a) Top-view SEM shows that the ballerina configuration of octapods assembled by 
adding PMMA is partially embedded in the polymer. (b) A 45° -tilt-SEM image in which the single 
protruding pod from each of the embedded octapods can be discerned.65 (c) TEM images of Au 
nanorods assembled on multi-walled nanotubes (average diameter 30 nm).63 (d) Schematics and 
TEM images showing the tubes formed from DNA tile arrays with 5-nm Au nanoparticle on the A 
tile and a DNA stem-loop on the C tile;64 (e) A sketch of the depletion attraction induced assembly 
mechanism.67 
The additive-induced depletion attraction is an alternative route to assemble nanoparticles 
directly in solution which is originated from the solvent-depleting region created by 
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adding macromolecules into the nanocrystals suspension (Figure 1.8e). When two 
nanocrystals approach each other sufficiently closely that no macromolecule can occupy 
their interspace, a net osmotic pressure is then created to push the nanocrystals together 
because the system tries to eliminate this pure solvent region. The depletion attraction 
potential therefore strongly depends on the properties and concentration of depletants 
(macromolecules), the size and shape of nanocrystals.66 Manna et al.67 reported polymers 
(e.g., PMMA and poly(ethylene glycol) methacrylate (PEG-MA)) as depletants for the 
in-solution assembly of CdSe/CdS semiconductor nanorods and tetrapods.   
External field 
Applying an external field is regarded as the most promising method to achieve large-
scale assemblies. External electric and magnetic fields provide sufficient energy to 
overcome the intrinsic interparticle interaction and Brownian motion. Therefore, they are 
of particular interest for directing anisotropic nanoparticles that possess a certain value of 
permanent electric or magnetic dipole moments. The nanoparticles are not only directed 
to align along the field direction, but a strong dipole-dipole interaction also arises when 
they approach each other to assemble them side-by-side. The dipole–dipole interaction 
depends on the polarizability of nanoparticles and the number of assembled layers 
increases with the strength of the field and concentration. Organization of CdS nanorods 
on a TEM grid under a strong vertical direct current (DC) electric field has been 
successfully demonstrated68,69 (Figure 1.9c and d). Later, this protocol was transferred to 
larger substrate areas and employed to assemble various types of semiconductor nanorods 
(Figure 1.9a and b).70 
Similarly, for magnetic nanoparticles, chain- or ring-shaped assemblies are formed via 
the interaction of magnetic dipoles motivated by a magnetic field (Figure 1.9e).71,72 In 
recent studies, the centrifugal field which offers a controlled speed is considered as 
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another kind of directing field, and it is employed in cooperation with earth’s gravitational 
field to organize binary mixtures of nanoparticles into diverse forms of supercrystals.73 
 
Figure 1.9 (a) The setup of the horizontal electric field and aligned CdS nanorods film on a silicon 
substrate;74 (c) the vertical electric field setup and (d) aligned CdS nanorods on a TEM grid;69 (e) 
TEM image of Co nanoparticle chains deposited by ‘directed assembly’ under the influence of a 
magnetic field.72 
1.3 Interactions in nanorod assemblies 
Understanding the kinetic stability of colloidal suspensions is necessary for controlling 
the formation of nanocrystal assemblies. The interactions between nanocrystals can be 
classified into attractive interaction (van der Waals force) and repulsive interaction 
(electrostatic force). For particles having a permanent dipole moment, another kind of 
attractive force is dipole–dipole interaction, which always dominates the self-assembly 
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process. The depletion interaction also needs to be considered when introducing additives 
to assist assembly. The overall stability of colloidal dispersions can be described by the 
DLVO theory (it is named after Derjaguin, Landau, Verwey and Overbeek who 
developed this theory), which describes that the tangencies of separating and aggregating 
for colloidal particles can be explained by a summation of the van der Waals attraction 
and electrostatic repulsion.13,75 The total potential energy UT between two particles when 
they approach each other presenting attractive energy UA and repulsive energy UR is 
expressed as below: 
𝑈T = 𝑈A + 𝑈R (1-2) 
1.3.1 Interparticle interactions 
Van der Waals interaction 
The van der Waals force is caused by induced dipole electric interactions that exist 
between any two material bodies. It normally serves as an attractive force that may lead 
to undesired aggregation in a colloidal system. Under controllable circumstances 
(exchanging ligand or solvent), the van der Waals force can be used to monitor and 
manipulate the self-assembled process. The value of the van der Waals potential is 
distance related and the relationship of the van der Waals interaction between two 
























Figure 1.10 (a) Schematic diagram of two spherical particles in a solvent; (b) Theoretical models 
of the side-by-side and end-to-end configurations. Gold nanorods in aqueous suspension are used 
as an example in this Figure.78 
For two rod-shaped particles approaching to form assemblies, there are two situations that 
need to be discussed separately (see Figure 1.10b): 



























where a and c are the semi-short and semi-long axes of the rods, respectively. For a non-
vacuum medium, the interaction between particles and medium (solvent) needs to be 











Figure 1.11 (a) A drawing of two randomly positioned rods that are used in the discussion of the 
dipole–dipole interaction; (b) Schematic representation of the double layer and potential drop 
across the double layer (i) surface charge, (ii) Stern layer, (iii) diffuse layer of counterions.83  
Dipole–dipole interaction 
Because most particles investigated in this thesis have a relatively large permanent dipole 
moment (>200 Debye), a dipole–dipole interaction that results from two dipolar particles 
interacting with each other cannot be ignored. The origin of the dipole moment is detailed 
in Section 1.3.3. 
For two particles with dipole moment μi and μj interacting at a distance xij, the dipole–
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where εs and ε0 represent the permittivity of the medium (solvent) and vacuum, 
respectively. 
For two nanorods i and j with the same shape, size and permanent dipole moment μ, and 







3 (2cos𝜃𝑖cos𝜃𝑗 − sin𝜃𝑖sin𝜃𝑗cos𝜑), (1-8) 
where θi and θj are the angles between the dipole and separation for rods i and j, 
respectively. φ is the angle between the two dipoles of the rods (Figure 1.11a). 
Electrostatic repulsion 
Two charged particles are stabilized by strong repulsive forces in a colloidal suspension. 
The repulsive force is caused by the overlap of the electrical double layer structures when 
one particle approaches the other particle. The electric double layer results from the 
charged particles in suspension where the same charges are repelled, and the opposite 
charges are attracted onto its surface (Figure 1.11b). As a consequence, the opposite 
charge fills the inner layer (which is termed the Stern layer), and the same charge fills the 
outer shell (which is termed the diffuse layer). The boundary of the Stern layer and the 
diffuse layer is called the shear plane. The potential at the shear plane is the electrokinetic 
potential, also known as the zeta potential, which can be measured from the 
hydromechanical model, and is regarded as a reflection of the actual surface charge on 
the particles (Figure 1.11b). The thickness of the electrical double layer is influenced by 
the properties of the solvent and the electrolyte concentration and is independent of the 
properties of the particles. The electrostatic force can be described by Coulomb’s law, 





From the above analysis and DLVO theory, the relation between the total binding energy 
between two approaching particles and their separation x is plotted in Figure 1.12. For 
highly charged particles, there is a strong repulsive interaction that creates a strong energy 
barrier (curves A and B in Figure 1.12). The suspension is hence stable. When the barrier 
is overcome, the van der Waals or other short-range attractive force will cause the 
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nanoparticles to aggregate or assemble (Curves D and E in Figure 1.12). When the 
interparticle distance is slowly reduced (such as slow evaporation in a self-assembly 
process), two particles have enough time to find the most stable configuration so that the 
whole system will reach the lowest Gibbs free energy. 
 
Figure 1.12 Total potential energy versus interparticle distance curve between two particles 
showing four different types of interactions: A = spontaneous dispersion of particles; B = no primary 
coagulation due to high energy barrier; C, D = weak secondary minimum coagulation; E = fast 
coagulation into the primary minimum.83 
1.3.2 External interactions 
Electric field force 
Some interactions applied to nanocrystals are not only from their neighbouring particles 
but also from external fields, such as electric and magnetic fields. Magnetic nanoparticles 
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can alter their dipole alignment with the field direction, and also the magnetic dipole can 
attract its adjacent particles forming an end-to-end assembly. For nanoparticles carrying 
an overall charge q, an electric field can drive them to be mobile and the electrophoretic 






where η is the viscosity of the solvent and a is the hydrodynamic diameter of the particles. 
 
Figure 1.13 (a) The orientation of particles with dipole moments aligned along the electric field; (b) 
the dipolar particles are arranged into various types of assemblies driven by interparticle dipole–
dipole interaction. 
When nanoparticles possess a dipole moment (includes permanent dipole and induced 
dipole), there is also a dipole orientating effect similar to the magnetic field case. A 
number of computational models also explain and predict the possibility of forming well-
ordered nanostructures under an electric field.85,86 Figure 1.13 shows that particles having 
a dipole will align along the field direction. When there is no field applied, the 
interparticle dipoles will dominate the assembly and form two types of arrangements. 
We assume that a batch of nanorods with aspect ratio γ = c/a were placed under a uniform 








The orientation distribution function of rods under different values of Pe is given by the 
following normalization: 
𝛹(𝜙) = 𝑅 exp (
𝑃𝑒
96
⁡𝐺∥𝐺⊥ cos 2𝜙), (1-12) 




where R is a constant derived from the normalization condition Equation 1-13, G║ and 
G┴ are the geometric tensors relative to the surface of rods determined by aspect ratio γ, 
ϕ is the angle between the orientation of the rods and the field direction, and e is the 



















The rods are assumed to be randomly orientated and positioned within the suspension 
when no field is applied (Pe = 0), and as Pe increases the alignment of rods along the 
field direction becomes stronger, where the Brownian motion in the fluid is almost 
negligible. Figure 1.14 gives an illustration of the orientational distribution of rods under 
different electric field strengths. As shown in Figure 1.14, the orientation distributions 
Ψ(ϕ) plot presents a peak near ϕ = 0, which becomes sharper as the electric field increases 
(reflected in the Pe number increases from 300 to 2000). This simulation indicates the 
degree of alignment is stronger at high Pe numbers with the observation of most nanorods 




Figure 1.14 (a) Typical particle distributions at steady state in suspensions of 60 rods of aspect 
ratio γ = 20 at various electric field strengths: (a) Pe = 0 (no electric field), (b) Pe = 100, (c) Pe = 
1000 and (d) Pe = ∞ (no Brownian motion). (b) Orientation distributions function Ψ(ϕ) at various 
Pe numbers in suspensions of rods of aspect ratio γ = 20 at an effective volume fraction of nl3 = 
0.05, obtained from simulations (symbols) and from the dilute theory of Equation 1-12 (lines).88 
1.3.3 Source of dipole moment 
The dipole moment is important for understanding the mechanism of alignment of 
anisotropic nanoparticles under an external field. The source of a permanent dipole in 
nanocrystals comes from four aspects: (1) internal bonding geometry; (2) shape 
asymmetry; (3) surface strain; (4) surface localized charges.89 It is ensured that the 
permanent dipole moment of wurtzite crystals is a consequence of the intrinsic polar 
character of the asymmetric crystal lattice.87 The location distribution in a point-charge 
model of metal cations from group IIB and chalcogenide ions from group VIA can be 
clearly seen in Figure 1.15a. Moreover, because the overall dipole originated from the 
summation of the contribution of each monolayer, the shape and size of the nanocrystals 
also show a significant impact on the scaling of the permanent dipole. Figure 1.15b and 
c demonstrates that the addition of each monolayer to differently shaped crystals may 
lead to the values of dipoles showing linear or quadratic dependence on dimensions and 




Figure 1.15 (a) Point-charge model for explaining the occurrence of a permanent electric dipole 
moment and spontaneous electric polarization in typical wurtzite structure;90 (b) a simple 2D ionic 
square lattice emphasizing neutral facets and (c) polar faces lead to a linear and quadratic 
dependence of the dipole.91 
zinc blende ZnSe nanocrystals demonstrate a size-dependent permanent dipole 
theoretically and experimentally.91 Therefore, the dipole moment of a nanocrystal can be 
simplified from the equations below:90 




(𝑏1 + 3𝑏2 cos 𝜗), (1-18) 
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where μ0 is the dipole moment density (unit is Debye/nm
3), which is an intrinsic property 
of crystals and can be simulated from the crystallographic information (for the definitions 
of e*, b1, b2 and ϑ, see Figure 1.15a) and Vp is the volume of a nanorod. 
Table 1.2 Dipole moment of some wurtzite nanocrystals.92 
 
The existence of the permanent dipole moment of wurtzite nanorods can be characterized 
by transient electric birefringence. One can attain the calculated dipole moment from the 
movement and rotation of elongated particles in response to an applied field, while the 
effects of solvent and particle interaction are considered necessarily during measurement. 
Table 1.2 gives the dipole moment of a few types of wurtzite semiconductor nanocrystals 
from both experiment and simulation. 
Because of their completely symmetrical face-centred cubic structure along the c-axis, 
most metal nanocrystals (gold and silver) do not exhibit a permanent dipole. However, 
the rotation and alignment of these nanorods along an external field are still observed. 
Saintillan and Rose et al.87,88 performed the alignment of silver rods aligned along an 
external field and provide a discussion of the hydrodynamic interaction in this system. 
More recently, Zijlstra93 demonstrated that Cetrimonium bromide (CTAB)-capped gold 
nanorods (GNRs) with various aspect ratios partially aligned when exposed to an 
alternating field. These performances are due to the existence of free-moving electrons in 
the metal lattice, and part of the electrons are driven to one side of the nanorods when the 
field is switched on, while the rest of the electrons are pushed to the other end of the 
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nanorods. The separation of charges within a rod length distance leads to the generation 
of an induced dipole, which only temporarily appears when the field is on, and it vanishes 
when the field is turned off. Therefore, the value of this induced dipole is expressed as a 
function of field strength E: 
𝜇in = 𝛼𝐸, (1-19) 
















) − 2𝑒), (1-22) 
where εp is the dielectric constant of the particles, NC is the depolarization factor in the c-
direction, and e is the eccentricity of the ellipsoid defined in Equation 1-16. The direction 
of this induced dipole moment is always manifested along the long axis of metal nanorods. 
The dipole–dipole interaction that arises from the induced dipole can be approximated by 
Coulomb’s law using Equation 1-8 as dipoles are regarded as a consequence of separated 
charge. 
1.4 Electrophoretic deposition of nanomaterials 
1.4.1 Fundamentals of electrophoretic deposition (EPD) 
EPD is a widely used technique in conventional ceramic materials coating, and it has been 
applied to the fabrication of a wide range of advanced applications in industry, including 
fuel cells, lithium batteries and other functional coatings. The dispersed charged particles 
in a liquid medium are deposited on one side of the electrode with the opposite charge in 
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an external electric field. The phenomenon of electrophoresis was first shown by 
Ferdinand Frederic Reuss in 1807, who observed the movement of clay particles in water 
caused by an external DC field. The principal driving force of deposition is the charge on 
the particles and electrophoretic mobility. Based on this mechanism, the factors 
influencing the process are from two parts: 1) those related to the suspension, such as 
concentration, surface charge, morphology of particles, dielectric constant and viscosity 
of the dispersing medium; 2) the factors related to the process, such as the surface 
chemistry of the substrate, voltage and time. Compared with other coating techniques, 
EPD is a very versatile method with advantages of short processing time, low-cost setup, 
few restrictions on the choices of the substrate and deposited materials and easy control 
of the thickness and morphology of the deposited films. One of the limitations of EPD is 
that it is difficult to perform on non-conductive substrates. Another drawback of EPD is 
that water cannot be used as a dispersing solvent because applying a voltage to water 
leads to the generation of hydrogen and oxygen at the electrodes. However, there are 
several non-aqueous reagents we can choose. 
1.4.2 EPD of nanomaterials 
Besides the conventional ceramic application, EPD has recently gained interest for its 
application in nanoscale assembly to achieve novel functional materials. Assembling 
nanomaterials into a closely packed film or superstructure requires an understanding of 
the relation of interparticle forces in a colloidal suspension and an external field. 
Compared with other assembly techniques, such as Langmuir–Blodgett and additions-
assisted assembly (polymer, DNAs), EPD has overcome the difficulties producing size 
scalable, well-controlled organization of nanocrystals. EPD allows nanocrystals to be 
assembled in their original solvents using much less time than the evaporation-induced 
assembly procedures. Incorporating the EPD process with a patterned substrate opens 
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new prospects for orchestrating EPD of optical tunable patterned arrays of small particles. 
Figure 1.16a demonstrates the process of fabricating a nanoparticle pattern by employing 
UV light and electric field to assemble and affix polystyrene particles on ITO substrate 
selectively. The substrate is illuminated with a UV light covered by a mask from the 
bottom. A permanent bond between the illuminated particles and the substrate are formed 
by increasing the field strength to secure the position of the particle. After deposition, the 
loose particles in the blank region can be rinsed away.94 
 
Figure 1.16 (a) SEM images show a patterned array of nanoparticles produced by EPD.94 (b) 
Illustration of the random and orientated states of the colloidal nanoparticles under the square-
wave electric field of CdS nanorods.97 
On account of the unique structure and properties of nanomaterials, especially nanocrystal 
materials, two aspects need to be considered: 
1) the nanocrystals are generally dispersed in a non-polar organic solvent, which has 
relatively low dielectric constant and dipole moment, 
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2) the ligands’ chemistry on these nanocrystals not only dominates their 
dispersibility; surface charge and the overdose of ligands (free ligand molecules 
in suspension) also influence the solvent conditions (increase or decrease the 
overall dielectric constant). 
Investigations of suspensions of cadmium chalcogenide nanocrystals’ in a non-polar 
solvent showed that they display a strong intrinsic dipole moment as a function of their 
dimensions and a net surface charge that is highly suitable for EPD. Herman et al. 
investigated the EPD mechanism of CdSe nanocrystals with different surface charges by 
manipulating the concentration of the phosphine and phosphine oxide capping 
ligands.95,96 The studies have shown that ligands play an important role not only during 
deposition but also on the morphology of the resulting film (uniformity and cracks). 
Figure 1.16b shows the typical response of CdS nanorods to the electric field, where the 
orientational order is created during the field-on period and randomizes during the field-
off period.97 Later on, studies in our group demonstrated a close-packed film comprising 
vertically aligned CdS and CdSe nanorods prepared using EPD.74 CdS and CdSe nanorods 
possessing a permanent dipole moment are directed to rotate to the external field direction 
and their surface charges allow them to deposition to one side of the electrode.  
1.4.3 Key parameters in EPD 
Hamaker was the first to construct a model to relate the amount of deposition to the 
depositing conditions. This equation was later modified by Ishihara et al.98 and Chen et 







) 𝐸𝑡, (1-23) 
where w is the weight of particles deposited, C is the concentration of particles, ε0 and εs 
are the permittivities of the vacuum and solvent,  is the zeta potential of the suspension, 
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η is the viscosity of the solvent, E is the electric field strength and t is the deposition time. 
From the above equation, the amount of deposition has a linear relation with a number of 
parameters (concentration, surface charge, field strength and deposition time). It allows 
us to manipulate the resulting thickness by changing one or more of those parameters. 
The key parameters are discussed separately from two aspects: 
Solvent 
Although from Equation 1-23 the amount of deposit grows as the dielectric constant 
increases, in a real system, an overly large dielectric constant for the solvent will cause 
aggregation of nanocrystals and also reduce the size of the double layer region and the 
electrophoresis mobility. The ion concentration in suspension must remain low and this 
condition with low dielectric constant has proven favourable in EPD. For nanocrystals 
with a hydrophobic capping layer, different solvents will lead to the variation in their 
interparticle interaction and dispersibility. Three types of suspensions are illustrated in 
Figure 1.17 representing mutually repel (stable dispersion formed in a non-polar solvent), 
weakly attracted (flocculated state) and strongly attracted states (small aggregations 
formed in a polar solvent), respectively. It is concluded that the deposit with the maximum 
packing density is formed in the stable dispersion of particles; non uniform packing 
structures often resulted from weakly attracted particles. The suspension with 
nanoparticles aggregations is the most undesired case due to the formation of large 
clusters during deposition. Table 1.3 lists the physical constants of a few polar and non-




Figure 1.17 Particle distribution structures in (a) stable state, (b) flocculated state, (c) coagulated 
state.100 





From the literature, there is no specific limitation on the particles’ size for EPD. However, 
for large particles, avoiding sedimentation due to gravity is the main problem; therefore, 
the electrophoretic mobility must be strong enough to overcome precipitation, which 
requires particles to carry a large surface charge. Second, it has been demonstrated that 
particles’ size has an effect on the morphology of the resulting deposit: fewer cracks are 
observed from the EPD of smaller particles.101,102 
Surface charge 
As a reflection of surface charge, the zeta potential () is a key factor in EPD. It can affect 
the deposition rate, the direction of deposition, and the stability of the suspension (see 
Section 1.3). Hence, the choice of the suspension parameters needs to be made judiciously 
to prepare a suitable EPD suspension. The zeta potential can be controlled by altering the 
solvent nature and controlling the concentration of additions. In the case of colloidal 
nanocrystals being synthesized with a certain amount of capping ligands, the zeta 
potential depends strongly on the concentration of ligands. Experiments by Herman et al. 
have demonstrated by ‘washing’ the nanocrystals (nanocrystals are dispersed in a good 
solvent and precipitated in a poor solvent), the concentration of ligands is significantly 
reduced to gain a large zeta potential on nanocrystals. Through measuring the CdSe 
nanocrystals suspension before and after deposition, a clear change is observed in the 
distribution of the zeta potential, indicating that more than 79% of nanocrystals with a 
suitable charge have been deposited. The sign of the zeta potential is dominated by the 
ligand types of the nanocrystals. Phosphonic acid and amine-capped nanocrystals 
generally exhibit positive charges,103,104 while thiol-capped nanocrystals exhibit a 
negative charge.82,105 A ligand-exchange procedure is normally used to produce the 




From the Hamaker equation (Equation 1-23), the deposit grows with the increases of the 
applied field. However, for some particular nanocrystal assembled films, strong field 
strength will lead to an over fast deposition rate which prevents them from finding the 
best position in a close-packed structure. Computational modeling also suggests that a 
stronger field may result in a less regular particle arrangement106 (Figure 1.18). However, 
for 1-D nanorods with a permanent dipole, when the field is too low, there is insufficient 
torque created to rotate the direction of the dipole of nanorods to the field direction (as 
discussed in Section 1.3.2). This voltage threshold is determined by the intrinsic dipole 
and shape of the nanorods. Once above this threshold, the thickness of the film increases, 
obeying the Hamaker equation. 
 
Figure 1.18 Deposits produced by EPD at different electric field strengths. Increasing the field 
strength results in less regular particle arrangements, in qualitative agreement with experimental 
observations.106 
Time 
In a typical EPD process, it has been found that the deposition rate decreases under a 
fixed field as the time elapses.107,108 This is attributed to two reasons: first the 
accumulation of deposition material which is normally an insulator or semiconductor on 
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the substrate causes the electrophoresis to decrease, even though the potential between 
the two electrodes is maintained the same. Second, as nanoparticles are depleted in the 
suspension, the decrease of concentration is expressed as a function of deposition time. 
However, at a very short deposition period or the initial period of EPD, the deposition 
rate is regarded as a constant that is independent of the deposition time. 
Substrate 
The uniformity and conductivity of the substrate are critical for the preparation of a high-
quality EPD film. The low-conductive substrate may result in rough or discontinuous 
deposition. The interaction between the nanoparticle and the substrate also decides 
whether the finished deposit is stable. To improve the stability of the finished film, 
substrates with chemical treatment or plasma treatment can be used to solve this 
problem.109 
1.5 Potential applications of nanocrystal assemblies 
Colloidal nanocrystal-based photovoltaics hold great promise due to the cost-effective 
fabrication technique, roll-to-roll production and compositional uniformity. For 
application in a practical device, nanocrystals are generally employed as assembled solid 
rather than individual particles. From a number of review articles, nanocrystal-based 
photovoltaics are categorized into quantum dots sensitized solar cells; Schottky solar cells; 
depleted heterojunction solar cells and hybrid nanocrystals–polymer solar cells.110 
Among others, a p–n junction solar cell packed by copper chalcogenides semiconductor 
nanocrystals having complete earth abundant composition is of interest. The typical 
structure of this type of photovoltaic device is illustrated in Figure 1.19a. The substrate is 
normally chosen from one of the metal thin films (Mo, Au) or highly conductive 
semiconductor (ITO, FTO). The p–n junction solar cells are produced from a variety of 
close-packed p-type copper chalcogenide nanocrystals (Cu2ZnSn(SSe)4, Cu2InGa(SSe)4) 
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and an n-type buffer layer (CdSe, CdS, ZnS). There are a few methods to deposit 
nanocrystals into thin films, such as spin coating, doctor blading, spray coating, dip-
coating and EPD.111 Cao et al. reported 8.5% efficiency of Cu2ZnSn(SxSe1–x)4 solar cell 
fabricated by alloying binary ZnS and ternary Cu2SnS3 nanocrystals.
112 The new record 
of Cu2ZnSn(SxSe1–x)4 nanocrystal-based solar cell has been increased to 9.0% prepared 
from selenized Cu2ZnSnS4 nanocrystals ink (Figure 1.19c).
113 On the other side, recently, 
copper chalcogenide nanocrystals were also exploited as a hole-transporting layer in a 
hybrid perovskite solar cell. As-synthesized Cu2ZnSnS4 nanocrystals after ligand 
exchange and ligand striping have promoted the hole transportation in perovskite solar 
cell structure and offered an exceptional fill factor of 81%.114 
 
Figure 1.19 (a) SEM cross-section of the finished CZTSSe solar cell device with the device 
structure of ITO/i-ZnO/CdS/CZTS/Mo/Glass; (b) the solar cell selenized at 500 C for 20 min with 
the obvious presence of fine grain layer; (c) J–V curves and performance parameters for the best-




Table 1.4 Different types of surface ligands used in nanocrystals and nanocrystal solids.4 The 
functions of different types of ligand is indicated, especially conductivities.   
 
Nanocrystals are synthesized with long alkyl chain organic capping ligands to maintain 
their shape and aid the dispersibility. However, these organic contents act as an insulating 
layer between two neighbouring nanocrystals to hinder charge transportation. Table 1.4 
gives a few commonly used ligands and their performance in electron conductivity. To 
increase the carrier transportation, those long-chain ligands could be replaced by short-
chain ligands, which can benefit carrier transportation, or by exchanging with another 
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particular type of molecule having bifunctional head groups (1,6-hexanedithiol, 
hydrazine, etc.). The typical ligand-exchange procedure is to immerse the nanocrystals’ 
assembled films containing ligand A into a solution of ligand B, but the shortcoming of 
this method is that only ligands A that are on the surface will be partially replaced. 
Another solution is to sinter the close-packed structures in air at low temperature to reduce 
the amount of carbon, followed by annealing in an inert gas atmosphere at high 
temperature to stabilize the nanocrystal assemblies or trigger a phase transformation 
process.105,115,116 
Cadmium-based nanocrystals and their assemblies have been widely discussed in light 
emitting devices, photoelectrodes and transistors. Amplified spontaneous emission and 
lasing effect are often observed from the dense packing of the core–shell type of 
nanocrystals into a number of superstuctures117 such as: CdSe/CdS nanorods assembled 
into coffee ring118 and cylindrical microcavities containing CdSe/ZnS core–shell 
nanorods.119 Especially for anisotropic nanocrystals, their assemblies demonstrate 
polarized emission, and band gap tunability. The performance of this type of device not 
only depends on the intrinsic properties of each nanoparticle but also on how they are 
collectively assembled. The complete control from syntheses to the assembly of 
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Chapter 2: General Experimental Procedures and 
Characterisation Techniques 
2.1 Experimental Procedures 
2.1.1 Synthesis and Purification of Semiconductor Nanorods 
The hot-injection approach is the most commonly used method for the synthesis of 
semiconductor metal chalcogenide nanocrystals. The reaction apparatus which includes 
a three-neck round bottom flask, a condenser, a thermocouple and a Schlenk line system 
is shown in Figure 2.1a. Typically, the metal cation precursors and solvents are mixed 
with the ligands which contribute to controlling and arresting crystal growth. The mixed 
reagents are then degassed to remove water and oxygen as the reaction is air sensitive. 
The mixture is subsequently heated to a certain reaction temperature followed by the 
injection of the ion precursor. Nucleation commences shortly after injection and is 
normally accompanied by an apparent colour change.  
The as-synthesized nanocrystal then requires purification to remove any excess ligands. 
This purification step begins with a dispersion of the crude product in an appropriate 
solvent (nonpolar solvent generally, such as toluene, n-hexane or cyclohexane), followed 
by precipitation with a polar solvent, such as methanol, isopropanol or ethanol. This 
dispersion-precipitation step can be repeated several times as required,  by centrifugation 
and redispersion of the nanocrystal sediment collected at the bottom of the vials. These 
washing steps are critical for the following EPD procedure as the charge of the 
nanocrystals varies depending on the concentration of the ligands, which in turn is 




Figure 2.1 (a) The experimental setup of the hot injection method; (b) The mechanism of gold 
nanorod formation;3 (c) Schematic showing the EPD of nanorods in DC field; (d) The rotary dip-
coater used in this thesis to perform the EPD. 
2.1.2 Synthesis of GNRs and the phase transformation 
For the synthesis of the monodispersed GNRs, a classic seed growth method is carried 
out in an aqueous surfactant (CTAB) media, with the addition of metal nanoparticle 
seeds.2,3 (Figure 2.1b) The gold seeds are formed by adding the strong reducing agent, 
NaBH4, to the gold salt solution. A weak reducing agent L-ascorbic acid is used to reduce 
the Au3+ to Au to grow on seeds slowly. There are possibilities to form small gold 
nanoparticles separately rather than grow on the seeds when using an excess amount of 
reducing agent. To avoid the secondary nucleation and obtain monodispersed gold 
nanoparticles, it is important to control the following parameters carefully:4 the 
concentration of impurities (silver ion concentration); the pH value of the solution 
(controlled by the amount of HCl); the temperature of growth (30 ºC overnight). By 
adjusting these parameters, it is possible to achieve the monodispersed GNRs with 
variable aspect ratios. After synthesis, the GNRs can be directly separated from the 
growth solution and washed a number of times by centrifugation at high speed.  
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The purified GNRs in the aqueous phase must then be transferred to the nonpolar organic 
phase for subsequent EPD use. Firstly, the CTAB molecules on GNRs are slowly replaced 
by the other ligands with a stronger functional group, such as -SH of mercapsuccinic acid 
and alkylthiols.5,6 The phase transformation catalyst tetraoctylammonium bromide 
(TOAB) in the targeting non-polar solvent (toluene or chlorobenzene) is added into the 
aqueous nanorod solution rapidly and the resulting two-phase solution is violently stirred 
for several minutes. Finally, due to the electrostatic interaction between mercapsuccinic 
acid and TOAB molecules in the nonpolar solvent, the GNRs capped with negative-
charged ligands, in the aqueous phase, are gradually transferred into organic phase with 
visible colour change.  
2.1.3 Electrophoretic deposition  
The principle of the EPD method is directing the orientation of the anisotropic 
nanoparticle in solution, under the influence of an electric field. The EPD setup includes 
several parts: the voltage generator, a substrate holder and an electrolyte container. To 
eliminate the effect of disturbance when dipping and withdrawing the substrate, we 
designed and installed the EPD sample holder inside a dip coater setup which is remotely 
controlled by a program (Figure 2.1d). The substrates are automatically lifted, in a 
constant speed, out from the electrolyte solution when the deposition run finishes. The 
samples are dried in air for further characterisation. A high voltage power supply unit 
TECHNIX SR-5-F-300, S/N: BU08/04971 is employed with the voltage monitored using 




2.2 Characterisation Techniques 
2.2.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a non-destructive technique used to produce 
images of a sample over a small area, while obtaining information on its morphology, 
composition, texture and orientation. The SEM works by detecting several signals emitted 
from the interaction between a high energy electron beam and the sample surface (Figure 
2.2). These signals include the secondary electrons, back scattering electrons, diffracted 
backscattered electrons and photons. Secondary electrons and backscattered electrons are 
the main sources for SEM imaging. Diffracted backscattered electrons are used for EBSD 
imaging, which examines the crystallography and the orientation information of a surface. 
Characteristic X-rays are also released when the electron beam excites the inner shell 
electron, with a higher energy electron then refillings the vacancy, emitting energy. 




Figure 2.2 The signals generated from the interaction between the high energy electron beam and 
the specimen.  
Figure 2.3 shows the schematic drawing of the SEM instrument which consists of an 
electron gun, two condenser lenses, an objective lens, a detecting system and a set of 
deflectors. The electron gun provides the accelerated electron beam with energy of 1 to 
30 keV under high vacuum. The beam is subsequently demagnified by the set of lenses 
forming a focused beam with a diameter of 1 to 10 nm at the sample surface. Signals are 




Figure 2.3 Schematic drawing of the SEM.7 
2.2.2 Transmission electron microscope 
Transmission electron microscopy (TEM) is a characterisation method for directly 
visualizing morphology with ultra-high magnification. The first TEM was built in 1931 
by Max Knoll and Ernst Ruska, with the resolution of modern TEMs achieving an 
extraordinarily high level that is up to atomic scale. The principle of TEM is based on the 
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interaction between the electron beam and an ultra-thin sample, with an image being 
formed when the beam transmits through the sample. The resolution of a microscope 
depends on the wavelength of the beam. Thus, because the wavelength of the electron 
beam is much smaller than the visible light source, by using an electron beam rather than 
a visible light beam, TEM improves the resolution to a few magnitudes higher than light 
microscopy. 
 




The core components of a TEM include an electron gun, a set of condensers, an objective 
lens and a series of magnifying lenses. The electron gun emits a beam of monochromatic 
electrons, and a specially intense beam is required for high magnification imaging. The 
electron beam is subsequently focused by the two condenser lenses to control the spot 
size and the intensity. The condenser aperture is used to remove the high angle electrons. 
The remaining parts of the beam, which transmit through the specimen, are focused by 
the objective lens onto an image on a phosphor screen or a charge coupled device camera. 
The darker areas of the image on phosphor screen represent that fewer electrons are 
transmitted through while the lighter areas of the image represent that more electrons are 
transmitted and collected.  
A high contrast image in this bright field TEM mode is normally caused by two main 
factors: 1. the crystalline region that is oriented to the beam so that the beam is strongly 
diffracted and 2. the atoms with large atomic numbers scatter more of the incident beam 
so that the image appears darker. For those cases that the above phenomena happen 
simultaneously, the dark field TEM (DFTEM) is employed to provide more useful 
information. A beam which departs from the optical axis by a certain angle is emitted 
from a electron gun so that the direct beam is blocked and only the diffracted beam is 
allowed to pass through the objective aperture. Thus the image with the dark or black 
background is formed, and this special mode is named as dark field TEM. Integration 
between bright field and dark field images offers very useful information for crystal 
characterisation, such as planar defects, grain size and orientations. 
Selected area electron diffraction (SAED) is a powerful technique on TEM that can obtain 
the crystallographic information about a specific area of the sample. In TEM, the main 
portion of the electron beam can pass through the sample easily, because the spacing 
between the atom arrays in the thin sample is about a hundred times larger than the 
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wavelength of the high-energy beam (10-3 nm). Similar to X-ray diffraction, the atoms of 
the crystalline specimen having regular positional distributions can diffract incident 
beams. The diffracted beam forms a bright spot on the phosphor screen that represents 
the column of atoms where the diffraction originated.   
 
Figure 2.5 (a) DFTEM image of Cu2ZnSn(SSe)4 bullet shaped nanocrystals; (b) SAED pattern 
shows the presence of both zinc blende and wurtzite phases in one polytypic nanocrystal; (c) crystal 
models of the bullets viewing from different angles; (d) High resolution TEM (HRTEM) image of a 
single nanocrystal; (e) corresponding FFT images of two phases; (f) magnified HRTEM image of 
the interface in a single nanocrystal with d spacing of each plane.9 
Fast Fourier transforms (FFTs) are used to measure the inter-planar spacing for single 
crystals or the interparticle spacing for a superlattice assembly of nanoparticles. They can 
be applied on high resolution TEM images directly. Both SAED and FFT involve the 
concept of the reciprocal lattice that is a reflection of their real lattice space. Figure 2.5 




2.2.3 Energy-dispersive X-ray spectroscopy 
Each element has unique atomic structure, such as the number of protons, orbits, the total 
electrons and excited electrons. When an accelerated electron beam reaches the surface 
of a sample, an electron from the ground state is firstly excited to the higher state, creating 
a hole in the ground state. Consequently, another electron from the higher state then fills 
this hole by releasing energy in the form of emitting photons with a certain wavelength 
(X-ray). The characteristic wavelength of this X-ray, which depends on the atomic 
structure of the material, can be used to identify the elemental species through an energy-
dispersive spectrometer. Energy-dispersive X-ray spectroscopy (EDX) can be equipped 
with either SEM or STEM (scanning transmission electron microscopy). Therefore it 
offers the instant high resolution elemental information of a small area or a line scan on 
a SEM or TEM sample (Figure 2.6). 
 
Figure 2.6 (a-b) An example of EDX elemental mapping for a TEM image and (c-d) the EDX 




Figure 2.7 (a) A schematic of a beam path difference following Bragg’s Law; (b) Schematic of the 
beam path of an XRD instrument.8 
2.2.4 X-ray diffraction 
X-ray diffraction (XRD) is the most effective tool so far for detecting the information 
pertaining to the composition, crystallography and grain size of nanocrystals both 
qualitatively and quantitatively. Most of the solids that are in crystalline, microcrystalline 
or quasicrystalline structures can provide X-ray diffraction signals. For crystalline 
structures, coherent scattering that results from the interaction between the incident X-
ray and the unit cells having 3D regularity is termed as diffraction. The direction of the 
diffracted beam is determined by the wavelength of the incident beam (λ) and the spacing 
(dhkl) between two adjacent planes {h k l} where the scattering is generated. The intensity 
of the diffracted beam is a function of the location distribution of the atoms and the 
orientation of the crystal, relative to the incident beam (θ). The effective diffraction takes 
place only if the scattered wave by two atomic planes results in a total path difference 
(2∆P), which is the integer multiple (n) of the wavelength of incident λ, that is the so 
called Bragg’s Law (Figure 2.7a): 
𝑛𝜆 = 2 △ 𝑃 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 (2-1) 
In typical XRD measurement, the intensity of the diffracted beam is measured by 
converting the electron charge into voltage bias which is proportional to the intensity of 
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the X-ray beam (Figure 2.7b). The target used in the X-ray tubes in this study is copper 
which emits 8 keV X-rays with a wavelength of 1.54 Å.  
Table 2.1 The crystallographic information of the materials pertaining to this thesis. 
 
In this thesis, the crystallographic information of the nanocrystals which have the wurtzite 
or cubic structures is detailed in Table 2.1. For the superstructure of nanocrystal 
assemblies, only one or two planes and their parallel planes which are at specific angles 
relative to the beam directions satisfy the Bragg condition that can form diffractions. The 
degree of ordering of a superstructure can be calculated from the intensity of XRD pattern. 
For wurtzite nanorods, the relation of XRD intensity of all planes at various orientations 
is detailed in Table 2.2. 




2.2.5 Photoluminescence  
Photoluminescence (PL) is a contactless and non-destructive method for probing the 
electronic structure of materials. When light is irradiated on the sample, the energy is 
partially absorbed and used to excite the electron from the ground state to the excited state, 
in the process known as photoexcitation. When the excited electrons return to the ground 
state, the excess energy can be released in the way of light emission or luminescence. The 
energy of the emitted light (photoluminescence) therefore relies on the gap between the 
two energy states. (Figure 2.6a) In this thesis, PL is used to gain information such as the 
bandgap of the semiconductor nanocrystals, and the amplified spontaneous emission from 
luminescent materials. An example of the PL spectrum of the CdSexS1-x nanorods with 




Figure 2.6 (a) Energy diagram showing absorption of light and the processes involved in the 
emission of light as fluorescence and phosphorescence;10 (b) the change in photoluminescence of 
CdSeS nanorods with various Se/S compositions.11 
2.2.6 X-ray photoelectron spectroscopy 
The main use of X-ray photoelectron spectroscopy (XPS) in nanomaterials analysis is to 
determine the species and chemical binding of atoms in the surface region of a solid. The 
basis of photoelectron spectroscopy is the photon (from X-ray beam) interaction with the 
atom on the surface of the specimen. The electron with kinetic energy (Ekin) is created by 
the incoming photons (whose energy is hν) to overcome the binding energy of the electron 
within that orbit (EB). ϕ is the sample work function shown in Figure 2.7a. The XPS 
spectrum is recorded by an electron detector by measuring the kinetic energy Ekin and the 
number of escaped electrons under ultra-high vacuum. The energies of the escaped 
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electrons are determined by the chemical environment which indicates the Coulomb 
interaction with other electrons and with the nuclei. Because each element has a unique 
structure and the electron binding energy (EB) increases as a function of atomic number 
(except for Hydrogen and Helium, see Figure 2.7b), the adjacent elements throughout the 
periodic table can be easily distinguished.  
 
Figure 2.7 (a) The schematic of energy levels for binding energy measurement. (b) The plot of the 
binding energies of elements;8  
When the X-ray beam is insufficient to excite the electron in the K shell, it will create 
vacancies on the L or M shells instead. The photoemission from p, d and f electronic states 
with non-zero orbital angular momentum then produces a spin–orbit splitting lines which 
can be easily read from the spectrum. There is a notable chemical shift observed from the 
XPS spectrum when the chemical bonding states of the element are changed. This is 
attributed to the spatial redistribution of the valence electron charges and a changed 
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potential of this atom. Figure 2.8 gives the chemical shift in the binding energy of P 2p 
in different compounds. When the atom exhibits greater electronegativity (accepts more 
electrons), the displacement of electronic charge becomes significant. Thus the binding 
energies are higher in the spectrum. 
 
Figure 2.8 The chemical shift in the binding energy of the 2p line for elemental P and its 
compound.13 
For quantitative analysis, the line intensities and the area of the photoelectron peaks are 
of interest. The intensity of a given peak depends on the factors such as the photoelectric 
cross section (σ), the electron escape depth, the spectrometer transmission, surface 
roughness or inhomogeneities, and the presence of a satellite structure (which may result 
in a decrease in the main peak intensities). For the chemical analysis of elements A and B 
in a compound sample, the relative concentrations (nA / nB) calculated by the ratio of the 









The sensitivity of the elemental measurement relies upon the cross section of the element 
and the background signals from the other elements in the sample. Under favourable 
conditions, the sensitivities of XPS elemental analysis can reach up to 0.1 % for bulk 
samples.  
XPS measurements in this work were carried out using a Kratos Axis 165 spectrometer. 
High resolution spectra were taken using monochromated Al Kα radiation of an energy 
of 1486.6 eV at fixed pass energy of 20 eV. A mixed Gaussian-Lorentzian function with 
a Shirley-type background subtraction was used for peak simulation. Samples were 
flooded with low energy electrons for efficient charge neutralization. The binding 
energies were determined using C 1s at 284.8 eV as the charge reference. 
2.2.7 Dynamic light scattering  
Dynamic light scattering (DLS) is a widely used characterisation tool for examining the 
size of particles which are dissolved or dispersed in a liquid solvent. The mechanism is 
based on the intensity of scattered light as particles movements change over time. The 
particles in the solvent are driven by Brownian motion, which causes the fluctuations of 
the scattered light intensity. The fluctuations in the signal can be converted to the mean 
translational diffusion coefficient which is further converted to the hydrodynamic 





where d the hydrodynamic diameter of particles, k is the Boltzmann constant, T is the 
temperature, ρ is the viscosity of the solvent, and D is the translational diffusion 
coefficient obtained from the intensity of the signal. 
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The typical apparatus of a DLS includes a vertically polarized laser beam and a detector 
which is fixed at a certain angle. The scattered intensity is collected and transformed into 
an electrical signal by the associated digital correlator. DLS measurements in this thesis 
were performed by using Zetasizer Nano-ZS (Malvern Instruments, UK). The nanorod 
suspensions in toluene were placed in a transparent 1 x 1 cm rectangular glass cuvette. 
2.2.8 Zeta potential 
Zeta potential measurements are used to inspect the electrostatic potential within the 
electric double layer surrounding the surface of the colloidal nanoparticles in the 
dispersion. The electric double layer is formed to balance the surface charge of the 
dispersed nanoparticles (see Section 1.3.1). While the surface charge on dispersed 
nanoparticles cannot be detected directly, the electrostatic potential at the interface 
between the Stern layer and the diffuse layer can be measured. This value obtained by 
zeta potential measurement is a reflection of the actual surface charge of the nanoparticles. 
During the measurement, a dilute nanorod dispersion is placed in a glass cuvette and a 
pair of electrodes made of platinum are immersed in the cuvette to apply an electric field. 
The movements of the particles within the applied field is detected by Laser Doppler 
Velocimetry. The value of zeta potential can be determined using Equation 1-10. The 
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Chapter 3: Insights into the Electrophoretic Deposition of 
Colloidal II-VI Nanorods: Optimization for Vertically and 
Horizontally Aligned Assemblies 
This chapter is presented as published in Journal of The Electrochemical Society. 
Gill, E.; Liu, P.† and Ryan, K. M. Journal of The Electrochemical Society. 2015, 162, 
D3019–D3024. †Joint First Author 
3.1 Abstract 
EPD is used to deposit CdS and CdSe nanorods onto planar centimetre scale substrates 
directly from solution. It is found that the net charge and dipole-dipole interactions on the 
nanorods are the key parameters in the resulting assemblies formed upon deposition, with 
the nanorods with higher net charge forming vertically aligned assemblies, while the 
nanorods with a low net charge forming horizontal assemblies. Numerical modeling and 
simulation provided an insight into the resulting deposits and it was concluded that a 
minimum net charge of +4e is required to obtain vertically aligned assemblies. This 
significant result means that the configuration of nanorods can be tailored for specific 
device architectures by modification of the surface charge of the nanorod, with vertically 
aligned assemblies being ideal for sandwich-type structures and horizontally aligned 
assemblies being ideal for planar electrode-type optoelectronic devices.  
3.2 Introduction 
Nanorods demonstrate unique size-dependent optical and electronic properties that are 
different to their bulk counterparts.1 Researchers can therefore tailor the morphologies of 
these nanomaterials to suit specific applications, such as photovoltaics,2,3 field-effect 
transistors,4,5 light-emitters6,7 and biological sensing.8,9 II-VI semiconductor nanorods are 
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of particular interest due to their excellent optoelectronic properties.10 The synthetic 
protocols of such nanomaterials have been well developed yielding a highly 
monodispersed product. While the subsequent assemblies or deposition of these 
nanocrystals on suitable substrates for further processing is on-going. 
To incorporate with further device fabrication, nanorods (and other nanomaterials) need 
to be deposited as uniform films on conducting and semiconducting substrates. The 
control of this deposition step is vital as any imperfections in the film can lead to 
variations in device characteristics over a range of devices and in extreme cases, short-
circuits. In conjunction with high-quality films, the ordering and assembly of the 
nanorods in the film is paramount. Ideally, the nanorods will be assembled perpendicular 
to the electrode surface enabling direct charge transfer along the long-axis of the nanorod. 
Unlike spherical nanocrystals or quantum dots where shape anisotropy is not an issue, the 
assembly of nanorods require the alignment both positional and orientational. In this work, 
we show that EPD produces both vertically and horizontally aligned assemblies of CdS 
and CdSe nanorods with complete control over the assembly of the deposited films. An 
electrostatic interaction model is provided to support the experimental results obtained, 
highlighting the effect of net charge and dipole moment on the assembly and deposition 
of the nanorods. 
Although nanorod assemblies have been extensively reported in the literature, most are 
obtained through drop-casting or other facile deposition methods.11–17 The drawback of 
using such deposition techniques is the lack of control over the placement of the nanorod 
assemblies and the apparently random size of the assemblies. A comprehensive model 
was provided describing the vertically aligned and ‘rail-track’ assemblies obtained from 
drop-cast CdSe nanorods.18 It was determined that the nanorods aligned in solution via 
dipole-dipole interaction potentials forming 2-D assemblies. These assemblies are 
77 
 
consequently deposited onto the substrates via gravitational sedimentation. What is 
significant in this case is that the negative dipole-dipole energy required for assembly 
requires the nanorods to be favorably aligned pre-assembly. As the solvent evaporates 
from the substrates, the increase in concentration results in the necessary reduction in 
inter-nanorod separation whereby nanorods can form into assemblies. As each nanorod 
possess a net charge, the overall charge on the assembly increases with each additional 
nanorod, thereby restricting the maximum size of the nanorod assemblies. This is a direct 
result of an increased positive Coulombic potential, which becomes larger than the 
thermal energy at a critical assembly size. Other approaches, such as those using HOPG19 
or depletion attractions,12,20,21 allow some control over the placement of the assemblies. 
However, these deposition techniques are not suitable for large scale, high yield 
production. 
Although EPD is not a new concept in nanomaterial deposition, most of the work to date 
has focused on metal nanocrystals,22 carbon nanotubes23 and semiconductor 
nanoparticles,24 while nanorod materials are largely ignored. Publications that describe 
the EPD of nanorods tend to describe uniform films of nanorods lacking any assembly,25 
such as the work by Khoo et al.26 who described the EPD of WO3 nanorods onto ITO 
substrates. So far we have extensively studied the feasibility of vertical packing of various 
types of semiconductor nanorods via EPD.27–32  
In this work, EPD is employed to deposit nanorods onto silicon, ITO and metal substrates. 
The formation of 2D and 3D nanorod assemblies of CdS and CdSe nanorods is discussed 
in detail and a model based on numerical simulations of the interaction energies of these 
particles is provided to explain the results obtained over a wide range of experiments. It 
is proposed that the formation of assemblies is dependent solely on the electrostatic 
interactions between the nanorods as they deposit onto the substrates. While each nanorod 
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possesses a net charge, the Coulombic repulsion plays a key role in the assembly process. 
The shorter range dipole-dipole interaction becomes dominant at decreasing inter-particle 
separation distances and provides the final positive interaction energy component for 
close-packed assembly on the substrate. For multi-layer deposits, the dipole-dipole and 
charge-dipole interactions play a key role in the resulting negative interaction energies 
between adjacent depositing layers yielding well-ordered layer-by-layer deposition of 
nanorod assemblies. For the model proposed here, the total interaction energy between 
adjacent nanoparticles is the sum of the interaction energies between them. The total 
interaction energy is therefore dependent on the inherent electrostatic properties of the as-
synthesized nanomaterials.  
3.3 Experimental Details 
Chemicals 
All reagents were used as received without any further purification. Cadmium oxide 
(CdO, > 99 %), trioctylphosphine (TOP, 97 %), trioctylphosphine oxide (TOPO, 99 %), 
selenium (99.98 %) and sulfur (99 %) were purchased from Sigma-Aldrich, n-
octadecylphosphonic acid (ODPA) and n-hexylphosphonic acid (HPA) were purchased 
from PCI Synthesis.  
Synthesis of Cadmium Sulfide Nanorods 
0.21g of CdO, 1.08 g of ODPA and 2.73 g of TOPO were loaded into a 25 ml three-neck 
flask and heated to 110 °C under Argon gas flow at which ODPA and TOPO were 
dissolved. The mixture is evacuated to 150-200 mTorr at 110°C for 30 minutes and then 
heated to 300°C under Argon gas at which CdO completely dissolves and the solution 
becomes clear. The mixture is cooled to 110°C and further degassed for another 30 
minutes under similar vacuum range (150-200 mTorr). After this second degas, the 
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apparatus is switched back to Argon gas line and the mixture was heated to 300°C to 
which 1.0 ml of sulfur stock solution (0.65 g of Sulfur powder dissolved in 8.25 g of TOP) 
was injected. After injection, nanocrystals grew at 300°C for 30 minutes to reach the 
desired size. 
Synthesis of Cadmium Selenide Nanorods 
The basic synthesis route followed as reported via hot-injection method.27 The mixture of 
0.2g of CdO, 0.71 g of TDPA, 0.16 g of HPA and 3.0 g of TOPO, 3.00 g was heated to 
120 °C in argon, then evacuated under vacuum for 1 hour, and followed by refilling with 
argon and heated to 310 °C, during which the CdO decomposed and the colour of solution 
changed from brown to optical clear. When the temperature reached 300 ̊C, 1.8 ml of 
TOP was injected into the flask. The 0.5 ml of selenium stock solution prepared in TOP 
(0.073 g Se + 0.416 g TOP) was rapidly injected when temperature rises to 310 °C, 
causing a gradual colour change to reddish-brown. After injection, the growth was 
allowed to continue for 10 min with continuous stirring. Subsequently, the heating mantle 
was removed and the reaction vessel was allowed to cool down to 80 °C. The nanorods 
were then washed with anhydrous toluene and isopropanol (1:2) and centrifuge at 4000 
rpm for 10 min to remove access ligands. The washing step was performed one or two 
times to gain nanorods with different charges. The precipitate was collected and kept for 
subsequent deposition. 
Electrophoretic Deposition 
The EPD was undertaken using the same experimental setup, described in detail by the 
previous work.34 The deposition was undertaken at room temperature, during which the 
electrodes were completely immersed in a deposition bath containing toluene and 
nanorod solution in a concentration of 0.20 mg/ml. A 200 V potential was applied for 2 
min between the two gold-coated copper electrodes separated in 1 cm distance, with a 
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high voltage power supply unit (TECHNIX SR-5-F-300, S/N: BU08/04971) and the 
voltage was monitored using a digital multimeter (Thurlby Thandar TTi 1604). The 
wafers were cleaned thoroughly before use. The electrodes were subsequently raised from 
the solution after deposition and dried slowly in toluene atmosphere for 10 min.  
Characterisation 
SEM analysis was undertaken with a Hitachi SU-70 scanning electron microscope. TEM 
analysis was undertaken with JEOL JEM-2010 field emission electron microscopes. The 
solution used for zeta-potential measurement was 0.20 mg/ml. Zeta-potential was 
measured using a Zeta PALS (Zeta Potential Analyser, Brookhaven Instruments 
Corporation, US) using low and high electric field, E = 137 and 274 V cm−1, across the 
palladium electrodes, and the measured zeta-potential values were constant from two 
fields which were averaged from 10 repeated experiments.  
3.4 Results and Discussion 
To adequately describe nanorod films deposited via EPD, it is essential first to understand 
the nature of nanorod interactions in general in the absence of external fields. For example, 
the self-assembly of nanorods from an evaporating solvent drop is directed by the 
electrostatic properties of the nanorods. In particular, the dipole-dipole interactions are 
the main driving force in the self-assembly of nanorods. While the concentration of the 
nanorod solution and the evaporation rate of the solvent can be carefully controlled, the 
positioning of the resulting nanorod assemblies cannot be directed sufficiently. Also, the 
maximum area of coverage of the resulting nanorod assembly is normally in the 
micrometre-squared range, resulting in a limit of the usable area for device exploitation. 
In this work, two nanorod solutions are prepared, with each batch of nanorods possessing 
different net charges. After the washing steps, the CdS nanorods yielded a zeta potential 
of 51 ± 1 mV,34 while the CdSe nanorods possessed a zeta potential of just 1 ± 4 mV18, 
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which indicates that while the CdS nanorods possess a relatively high net charge and the 
CdSe net charge is at least an order of magnitude smaller.  
 
Figure 3.1. (a) TEM and (b) High resolution TEM images of CdSe nanorods showing d-spacing of 
(002) plane is 0.351 nm; (c) TEM image of CdS nanorod assembly and (d) TEM image of CdSe 
nanorod assembly obtained via drop-casting. 
Preliminary studies on the nanorods investigated the possible differences in self-assembly 
as a result of the overall net charge on the nanorods. The TEM images in Figure 3.1c-d 
depict the assemblies of CdS and CdSe nanorods respectively obtained through drop-
casting and subsequent solvent evaporation. Previous studies suggest that the dipole-
dipole interaction is the dominant assembly force. It has been established that the 
permanent dipole moment due to the non-centrosymmetric P63mc system is 
approximately 220 D (7.35 x 10-28 C·m) for CdS with the dimension of 30 nm× 5 nm,35 
while for CdSe with the dimension of 35 nm× 7nm it is approximately 250 D (8.34 x 10-
28 C·m).18 The TEM images for both CdS and CdSe assemblies (Figure 3.1c-d) effectively 
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demonstrate the close-packing achievable with such assemblies. The average nanorod 
separation in both assemblies is approximately 3 nm, which is due to the outer ligand 
shell on each nanorod which restricts the minimum separation distance between the 
nanorods. From basic physical principles, the dipole-dipole interaction energy is a short-
range interaction (1/𝑟3 dependence where 𝑟 is the nanorod-nanorod separation), while 
the interaction potential due to the net charge (Coulombic) acts over a larger range (1/𝑟 
dependence). Therefore, the inter-nanorod separation needs to be reduced significantly 
for the dipole-dipole interaction to become dominant. This cannot happen in a solution of 
nanorods possessing a relatively large net charge, as the Coulombic repulsion acts to 
restrict aggregates forming in the solution. In the case of the CdS nanorods, the 
Coulombic interaction energies are dominant up to approximately 3 nm. However, when 
we consider the fact that each nanorod possesses a thermal energy (𝑘𝑇), and therefore a 
minimum kinetic energy, in conjunction with a decrease in solution volume as a 
consequence of solvent evaporation, the inter-nanorod separation is considerably reduced, 
compelling the nanorods into close proximity. Therefore, small assemblies form in the 
solution and as a result of gravitational sedimentation, deposit randomly onto the 
underlying substrate. 
To obtain more control over nanorod deposits, EPD is used. The experimental system 
used here consists of two gold-coated copper electrodes connected to a high-voltage 
power supply. The silicon substrates used as deposition substrates in this work, were 
clamped to the negative electrode to ensure the robust electrical connection between the 
substrate and the electrode. The pair of electrodes are then dipped into a glass beaker 
containing the nanorod solution and an electric field of 200 V/cm is established across 
the electrodes. A schematic of the experimental set-up is shown in Figure 3.2a along with 
a simulation of the electric field between the two electrodes demonstrating the uniform 
nature of the field, which is a requirement for EPD to occur. In the case of inhomogeneous 
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fields, dielectrophoresis can take place, which in some cases can significantly affect the 
deposition process.33 In the case of the experimental setup used in this work, the force 
acting on the nanorods in the solution is simply q∙E, where q is the net charge on the 
nanorod and E is the electric field strength. Therefore, for a positively charged nanorod, 
the electric field will cause the nanorods in the solution to migrate towards the negative 
electrode. A significant advantage in exploiting an electric field in the deposition process 
is the subsequent alignment of the nanorods with the field as a consequence of their 
inherent dipole moment, as shown schematically in Figure 3.2a.  
 
Figure 3.2 EPD experimental information showing: (a) schematic diagram including electric field 
information for experimental set-up used in this work; (b) uniform layer of CdS nanorods obtained 
via EPD (Inset: magnified view showing vertically aligned assemblies; scale bar is 100 nm); (c) 
uniform layer of CdSe nanorods obtained via EPD (Inset: magnified view showing horizontally 
aligned assemblies; scale bar is 100 nm); and (d) CdSe nanorods horizontally aligned to the 
substrate due to the reduced net charging. 
The SEM images in Figure 3.2b-c show deposits of CdS and CdSe respectively under 200 
V/cm after a 2 minute deposition. In the case of the CdS nanorods, vertically aligned 
regions are clearly visible (inset of Figure 3.2b) while no vertical alignment is evident for 
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the CdSe assembly (Figure 3.2c). In the presence of a pre-fabricated trench, the CdSe 
deposit can be corralled to align parallel with the trench walls with side-by-side and end-
to-end packing (SEM images in Figure 3.2d). From this result showing perpendicular 
alignment with CdS and horizontal alignment with CdSe, it must be concluded that the 
net charge on the nanorod has a significant impact on the nature of the deposits obtained 
via EPD. To understand the difference between the deposits obtained, the interactions 
between individual nanorods need to be considered. There are three main electrostatic 
interaction energies considered here: Coulombic (net charge); charge-dipole; and dipole-
dipole. Each interaction contributes to the overall net potential energy acting on individual 
nanorods, and at certain critical nanorod-nanorod displacements, one component can 
become dominant over another. Unlike the drop-cast, solution-evaporation assembly, 
there are no degrees of freedom associated with the nanorods during EPD. Due to the 
constraint on the nanorod alignment due to the electric field, all of the nanorods in the 
solution ‘point’ in the same direction. Therefore, the total interaction energy between 











where θ is the angle between the rod and its neighbor, ε is the permittivity of the solvent 
medium (equals to the product of dielectric constant of solvent and the vacuume 
permitivity), p ⁡ is the permanent dipole moment on each nanorod (250 Debye× 
3.3356×10-30 C·m) and r is the distance between the nanorods. Equation 3-1 assumes 
that the net charge and permanent dipole moment is identical for each nanorod in the 
solution and also assumes the dipoles are aligned with the electric field with the nanorods 
arranged side by side. For nanorods arranged end to end the third term in Equation 3-1 
increases by a factor of 2.  
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By considering the results depicted in Figure 3.2b-c, the interaction energies between two 
adjacent nanorods are calculated. In each case, the interaction potential of two nanorods 
side by side, in a plane in close proximity and parallel to the substrate is considered, along 
with the potentials due to a nanorod directly behind the depositing nanorod. In this way, 
the dominant forces acting on the nanorods can be determined, and in each case used to 
explain the nature of the deposits. 
For CdS nanorods, the total interaction energy between two nanorods is plotted as a 
function of inter-nanorod separation distance in Figure 3.3a using MATLAB 2014a. As 
the nanorods possess a relatively large net charge, the repulsive forces between adjacent 
nanorods are dominant. When the electric field is established, a concentration gradient is 
formed and the nanorods begin to deposit onto the substrate. A key factor in the deposition 
of a vertically aligned assembly is the potentials due to nanorods directly in front of the 
nanorod of interest (labelled ‘perpendicular’ in the plot). As can be seen in Figure 3.3a, 
the positive potential due to a nanorod closer to (or already deposited on) the substrate is 
considerably less and at a separation of 1.8 nm the potential becomes negative. This 
results in the nanorods remaining in close proximity within a plane perpendicular to the 
substrate, resulting in seeding sites for assembly growth. The difference in potentials in 
the curves in Figure 3.3a is due to the charge-dipole and dipole-dipole interactions, which 
are both negative in the ‘perpendicular’ case and positive in the ‘parallel’ case 
(represented schematically in Figure 3.3c). As a nanorod approaches the substrate, it will 
experience a repulsive potential due to already deposited nanorods that becomes 
significantly reduced as it approaches the substrate. When the nanorod deposits into the 
growing assembly on the substrate, the Coulombic and dipole-dipole interaction energies 
are both positive and result in a compressive force responsible for the formation of the 




Figure 3.3 Numerical modeling data of the total interaction energies between nanorods in solution 
during EPD showing: (a) Total interaction energies for CdS nanorods; (b) total interaction energies 
for CdSe nanorods; and (c) schematic representation of potentials acting on nanorod in a plane 
parallel and perpendicular to substrate surface respectively.  
The CdSe nanorods, on the other hand, possess a significantly reduced net charge, 
resulting in considerably altered interaction energies. The total interaction energies for 
CdSe nanorods are plotted in Figure 3.3b. What is significant in the CdSe calculations is 
that the interactions between adjacent planes of nanorods parallel to the substrate are 
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negative up to a separation of approximately 7.9 nm (Figure 3.3a), considerably larger 
than that for the CdS nanorods. The lower Coulombic potential (now of the same order 
of magnitude as the dipole-dipole and charge-dipole interaction potentials) results in a 
significantly reduced directing potential required for the vertical alignment of the 
assemblies. Also, the reduced positive potential over nanorod separations under 10 nm 
means that the compressive force that is required for assembly formation is not present 
over larger nanorod separations thus restricting the formation of assemblies. By 
examining the nature of the CdSe deposits in Figure 3.2c, it is clear that the nanorods are 
arranged parallel to the substrate, however, there is some assembly of side to side 
nanorods clearly visible, suggesting that the dipole-dipole interaction is a dominant 
potential in the vicinity of the substrate, unlike the case of the CdS nanorods. Also, due 
to the lack of an in-plane compressive force due to the reduced charge on the CdSe 
nanorods, vertical alignment is absent due to the conflicting interaction energies of 




Figure 3.4 Numerical simulations of the total interaction energies between nanorods in solution 
during EPD (a)  as a function of nanorod net charge, demonstrating the difference in potentials 
between nanorodsin the growing assembly on the substrate; and (b) the potential experienced by 
a nanorod attempting to deposit into assembly from solution due to already-deposited nanorods. 
When the deposition time is increased for CdS nanorods, it has been shown that additional 
vertically aligned assemblies deposit directly on top of the already deposited assemblies.34 
Considering the effect of the potential of all the nanorods in the first deposited layer, 
nanorods comprising the second layer find their lowest energy sites directly on top of an 
already vertically assembled nanorod (Figure 3.3c). This is a promising result as such 
sequential deposition allows electron transfer along multiple layers of nanorods, with 
charges moving directly along the long axis of the nanorods. 
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By using the interaction energy model provided here, it is possible to estimate the 
minimum net charge required to obtain optimum deposition conditions based on the 
magnitude of the permanent dipole moment of the nanorods to be deposited. The desired 
net charge on the nanorod to obtain vertically aligned assemblies depends directly on the 
permanent dipole moment of the nanorod. While the positive potential between nanorods 
increases with increasing net charge, as shown in Figure 3.4a, the total interaction energy 
between already deposited nanorods and those approaching the substrate is more complex. 
As the data in Figure 3.4a demonstrates, the total potential increases from +6 x 10-19 J for 
a +4e net charge to +7.3 x 1018 J for a +15e net charge at a separation distance of 3 nm. 
This is significant as a variation in the net charge alone yields an order of magnitude 
increase in potential energy resulting in closer packed assemblies. What is more 
significant regarding vertically aligned assemblies is the effect the net charge has on 
depositing nanorods. The data in Figure 3.4b demonstrates the effect of net charge on the 
interaction energy between an already deposited nanorod and one impinging on the 
substrate from the solution. It can be seen that for net charges of +4e and larger, the total 
interaction energy remains positive at a separation distance of 3 nm. Therefore, the 
incoming nanorods will experience a repulsive potential from the already deposited 
nanorods and therefore be diverted to find a lower energy site in the assembly. When the 
net charge is less than +4e, on the other hand, the interaction energy is negative, 
suggesting the dipole-dipole interaction has become dominant. The depositing nanorod 
will deposit directly on top of the already deposited nanorod, and without the close-





Figure 3.5 (a) Cross-section SEM image shows vertical assemblies of CdSe nanorods achieved 
by EPD; (b-d) Low resolution SEM image and corresponding EDX result display the uniform CdSe 
layer with homogenously distributed elements. (e) Images of assembled CdSe nanorods on various 
substrates via EPD: Silicon wafer; Au/Si; Ag/Si; ITO/Glass, fabricated by sputtering. 
Assuming no changes to the dimensions of the nanorods, and therefore no changes to the 
dipole moment, the minimum net charge required on each nanorod is of the order of +4e. 
A net charge lower than this value will result in the disordered deposition. Therefore, by 
utilizing steps during synthesis to control the nanorod net charge, or reducing ligands 
coverage, the nature of the assemblies obtained via EPD can be controlled. In the case of 
CdSe, sequential anti-solvent precipitation (toluene/isopropanol) was sufficient to 
remove phosphonic acid and OPO ligands and increase the zeta potential to 5 mV. These 
rods when subjected to EPD resulted in vertically aligned instead of horizontally aligned 
assemblies. The rods are highly aligned over several multilayers over the complete 
substrate as shown in Figure 3.5a. The corresponding EDX results indicate the 
compositional uniformity of the obtained film. Importantly, this EPD approach allows the 
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formation of aligned nanorod layers on a wide range of conductive and semiconductive 
substrates including Si, ITO and metal (Ag and Au), Figure 3.5e. Consequently, the EPD 
derived nanorod absorber layers have significant potential for direct integration into 
photovoltaic, photocatalytic and optoelectronic devices.  
3.5 Conclusion 
The use of EPD has been shown here to be a facile deposition technique for nanorod 
materials. Through EPD, centimetre-scale films of CdS and CdSe nanorods were 
repeatedly obtained on both semiconductive and conductive base. In all cases, complete 
coverage of the substrate with nanorods is obtained in the order of minutes. For CdS 
nanorods, vertically aligned assemblies are clearly visible in the deposited films, while 
CdSe nanorods deposit parallel with the substrate while demonstrating side-by-side and 
end-to-end alignment. 
By calculating the total interaction potential energies between nanorods, it is possible to 
quantify the depositions observed through experiment. As a result of nanorod alignment 
with the electric field, due to the inherent permanent dipole moment of the nanorods, the 
possible interaction energies are restricted. It was found that the interaction potentials are 
always positive in the CdS deposition, resulting in a highly directing repulsive force that 
compels nanorods to attain the lower energy site in the growing assembly. This positive 
potential also acts as a compressive force in the assembly thereby retaining the assemblies 
even after the electric field is removed. The CdSe nanorods, on the other hand, display a 
significantly reduced positive potential, which reverts to a negative value within a 
nanorod separation distance of approximately 7.9 nm, which is over twice the allowed 
minimum separation distance. This results in conflicting interaction energies that 
considerably restrict the formation of vertically aligned assemblies, and instead 
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assemblies aligned parallel to the substrate surface are observed to form that appear to be 
dominated by dipole-dipole alignment.  
As a consequence of the experiments performed, and the subsequent numerical modeling, 
it was determined that the difference observed between the two nanorod materials is due 
to the net charge on the nanorods. From the numerical simulation, it was found that to 
retain a positive interaction energy between two nanorods at all times, the net charge on 
the nanorod must be at least +4e, as a nanorod possessing a net charge less than this will 





1. Liu, K.; Zhao, N.; Kumacheva, E. Self-Assembly of Inorganic Nanorods. Chem. 
Soc. Rev. 2011, 40, 656–71. 
2. Han, L.; Liu, J.; Yu, N.; Liu, Z.; Gu, J.; Lu, J.; Ma, W. Facile Synthesis of Ultra-
Small PbSe Nanorods for Photovoltaic Application. Nanoscale 2015, 7, 2461–
2470. 
3. Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. P. Hybrid Nanorod-Polymer Solar 
Cells. Science 2002, 295, 2425–2427. 
4. Cui, Y.; Banin, U.; Björk, M. T.; Alivisatos, A. P. Electrical Transport through a 
Single Nanoscale Semiconductor Branch Point. Nano Lett. 2005, 5, 1519–1523. 
5. Talapin, D. V; Murray, C. B. PbSe Nanocrystal Solids for N- and P-Channel 
Thin Film Field-Effect Transistors. Science 2005, 310, 86–89. 
6. Hu, J.; Li, L.; Yang, W.; Manna, L.; Wang, L.-W.; Alivisatos, A. P. Linearly 
Polarized Emission from Colloidal Semiconductor Quantum Rods. Science 
(80-. ). 2001, 292, 2060–2063. 
7. Kazes, M.; Lewis, D. Y.; Banin, U. Method for Preparation of Semiconductor 
Quantum-Rod Lasers in a Cylindrical Microcavity. Adv. Funct. Mater. 2004, 14, 
957–962. 
8. Parak, W. J.; Gerion, D.; Zanchet, D.; Woerz, A. S.; Pellegrino, T.; Micheel, C.; 
Williams, S. C.; Seitz, M.; Bruehl, R. E.; Bryant, Z.; et al. Conjugation of DNA 
to Silanized Colloidal Semiconductor Nanocrystalline Quantum Dots. Chem. 
Mater. 2002, 14, 2113–2119. 
9. Chan, W. C.; Nie, S. Quantum Dot Bioconjugates for Ultrasensitive Nonisotopic 
94 
 
Detection. Science 1998, 281, 2016–2018. 
10. Krahne, R.; Morello, G.; Figuerola, A.; George, C.; Deka, S.; Manna, L. Physical 
Properties of Elongated Inorganic Nanoparticles. Phys. Rep. 2011, 501, 75–221. 
11. Baker, J. L.; Widmer-Cooper, A.; Toney, M. F.; Geissler, P. L.; Alivisatos,  a P. 
Device-Scale Perpendicular Alignment of Colloidal Nanorods. Nano Lett. 2010, 
10, 195–201. 
12. Baranov, D.; Fiore, A.; Huis, M. van; Giannini, C.; Falqui, A.; Lafont, U.; 
Zandbergen, H.; Zanella, M.; Cingolani, R.; Manna, L. Assembly of Colloidal 
Semiconductor Nanorods in Solution by Depletion Attraction. Nano Lett. 2010, 
10, 743–9. 
13. O’Sullivan, C.; Ahmed, S.; Ryan, K. M. Gold Tip Formation on Perpendicularly 
Aligned Semiconductor Nanorod Assemblies. J. Mater. Chem. 2008, 18, 5218. 
14. Ryan, K. M.; Singh, S.; Liu, P.; Singh, A. Assembly of Binary, Ternary and 
Quaternary Compound Semiconductor Nanorods: From Local to Device Scale 
Ordering Influenced by Surface Charge. CrystEngComm 2014, 16, 9446–9454. 
15. Singh, A.; Dickinson, C.; Ryan, K. M. Insight into the 3D Architecture and 
Quasicrystal Symmetry of Multilayer Nanorod Assemblies from Moiré 
Interference Patterns. ACS Nano 2012, 6, 3339–3345. 
16. Singh, A.; Gunning, R. D.; Ahmed, S.; Barrett, C. a.; English, N. J.; Garate, J.-
A.; Ryan, K. M. Controlled Semiconductor Nanorod Assembly from Solution: 
Influence of Concentration, Charge and Solvent Nature. J. Mater. Chem. 2012, 
22, 1562. 
17. Singh, A.; Ryan, K. M. Crystallization of Semiconductor Nanorods into Perfectly 
95 
 
Faceted Hexagonal Superstructures. Part. Part. Syst. Charact. 2013, 30, 624–
629. 
18. Singh, A.; Gunning, R. D.; Sanyal, A.; Ryan, K. M. Directing Semiconductor 
Nanorod Assembly into 1D or 2D Supercrystals by Altering the Surface Charge. 
Chem. Commun. (Camb). 2010, 46, 7193–5. 
19. Ahmed, S.; Ryan, K. M. Self-Assembly of Vertically Aligned Nanorod 
Supercrystals Using Highly Oriented Pyrolytic Graphite. Nano Lett. 2007, 7, 
2480–5. 
20. Zhang, J.; Lang, P. R.; Meyer, M.; Dhont, J. K. G. Synthesis and Self-Assembly 
of Squarelike PbCrO4 Nanoplatelets via Micelle-Mediated Depletion Attraction. 
Langmuir 2013, 29, 4679–4687. 
21. Zanella, M.; Bertoni, G.; Franchini, I. R.; Brescia, R.; Baranov, D.; Manna, L. 
Assembly of Shape-Controlled Nanocrystals by Depletion Attraction. Chem. 
Commun. (Cambridge, United Kingdom) 2011, 47, 203–205. 
22. Koenen, S.; Streubel, R.; Jakobi, J.; Schwabe, K.; Krauss, J. K.; Barcikowski, S. 
Continuous Electrophoretic Deposition and Electrophoretic Mobility of Ligand-
Free, Metal Nanoparticles in Liquid Flow. J. Electrochem. Soc. 2015, 162, 
D174–D179. 
23. Biswas, J.; Rottman-Yang, J. S.; Gonzalo-Juan, I.; Dickerson, J. H. Freestanding 
Carbon Nanotube Films Fabricated by Post-Electrophoretic Deposition 
Electrochemical Separation. J. Electrochem. Soc. 2012, 159, K103. 
24. Whan Lee, S.; Zhang, D.; Herman, I. P. Rapid and Multi-Step, Patterned 
Electrophoretic Deposition of Nanocrystals Using Electrodes Covered with 
Dielectric Barriers. Appl. Phys. Lett. 2014, 104, 53113. 
96 
 
25. Gonzalo-juan, I.; Krejci, A. J.; Rodriguez, M. A.; Zhou, Y.; Fichthorn, K. A.; 
Dickerson, J. H. Dipole Moment-Tuned Packing of TiO2 Nanocrystals into 
Monolayer Films by Electrophoretic Deposition. Appl. Phys. Lett. 2014, 105, 
113118. 
26. Khoo, E.; Lee, P. S.; Ma, J. Electrophoretic Deposition (EPD) of WO3 Nanorods 
for Electrochromic Application. J. Eur. Ceram. Soc. 2010, 30, 1139–1144. 
27. Singh, A.; English, N. J.; Ryan, K. M. Highly Ordered Nanorod Assemblies 
Extending over Device Scale Areas and in Controlled Multilayers by 
Electrophoretic Deposition. J. Phys. Chem. B 2013, 117, 1608–1615. 
28. Singh, A.; Coughlan, C.; Laffir, F.; Ryan, K. M. Assembly of CuIn1-x Gax S2 
Nanorods into Highly Ordered 2D and 3D Superstructures. ACS Nano 2012, 6, 
6977–6983. 
29. Coughlan, C.; Singh, A.; Ryan, K. M. Systematic Study into the Synthesis and 
Shape Development in Colloidal CuInxGa1-xS2 Nanocrystals. Chem. Mater. 2013, 
25, 653–661. 
30. Ahmed, S.; Ryan, K. M.; Barrett, C. a.; O’Sullivan, C.; Sanyal, A.; Geaney, H.; 
Singh, A.; Gunning, R. D.; Ryan, K. M. Electrophoretic Deposition of Spherical 
and Rod-Shaped Nanocrystals into Close Packed Superlattices. ECS Trans. 2009, 
19, 6421–3. 
31. Singh, A.; Geaney, H.; Laffir, F.; Ryan, K. M. Colloidal Synthesis of Wurtzite 
Cu2ZnSnS4 Nanorods and Their Perpendicular Assembly. J. Am. Chem. Soc. 
2012, 134, 2910–2913. 
32. Kelly, D.; Singh, A.; Barrett, C. a; O’Sullivan, C.; Coughlan, C.; Laffir, F. R.; 
O’Dwyer, C.; Ryan, K. M. A Facile Spin-Cast Route for Cation Exchange of 
97 
 
Multilayer Perpendicularly-Aligned Nanorod Assemblies. Nanoscale 2011, 3, 
4580–3. 
33. Srivastava, A. K.; Kim, M.; Kim, S. M.; Kim, M.-K.; Lee, K.; Lee, Y. H.; Lee, 
M.-H.; Lee, S. H. Dielectrophoretic and Electrophoretic Force Analysis of 
Colloidal Fullerenes in a Nematic Liquid-Crystal Medium. Phys. Rev. E 2009, 
80, 51702. 
34. Ahmed, S.; Ryan, K. M. Centimetre Scale Assembly of Vertically Aligned and 
Close Packed Semiconductor Nanorods from Solution. Chem. Commun. (Camb). 
2009, 6421–6423. 
35. Ryan, K. M.; Mastroianni, A.; Stancil, K. A.; Liu, H.; Alivisatos, A. P. Electric-
Field-Assisted Assembly of Perpendicularly Oriented Nanorod Superlattices. 




Chapter 4: Complete assembly of Cu2ZnSnS4 (CZTS) 
Nanorods at Substrate Interfaces Using a Combination of Self 
and Directed Organization 
This chapter is presented as published in Chemical Communications, with the inclusion 
of Supporting Information in the main text for ease of reading. 
The methodology used in this chapter has been submitted as a patent awaiting 
approval. 
Liu, P.; Singh, S.; Bree, G. and Ryan, K. M. Chemical Communications 2016, 52, 
11587-11590. 
Liu, P.; Liu, N.; Ryan, K. M. (2016) Lasing from Highly Aligned CdSeS Nanorod Thin 
Film by Electrophoretic Deposition. Patent Submitted 
4.1 Abstract 
Here we report the two-stage assembly of semiconductor nanorods at substrates. The 
nanorods preassemble into 2D discs by self-organisation, and these discs are deposited 
into conformal layers at substrates using electric field assembly. The intermediate self-
assembly step can be eliminated by carrying out a judicious ligand exchange allowing 
selectivity for dimensional control of layer formation from nanorod building blocks in 
one, two and three dimensions. 
4.2 Introduction 
Rational assembly of colloidal semiconductor nanorods from solution has been achieved 
using approaches that can be described as either self-organization or external force 
directed.1–8 In self-organization, the interparticle interactions are such that there is a 
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driving force for the particles to nucleate and grow as a supercrystal.9–12 This is influenced 
by the physical properties of the particles such as shape, charge, dipole moment and that 
of the environment such as solvent type, polarity, and concentration. As crystallization is 
governed by supersaturation, the self-assembly can be driven by approaches that create 
instantaneous supersaturated conditions such as solvent evaporation, anti-solvent addition 
or depletion interactions.5,6,13 The progress in colloidal synthesis has reached the point 
that control factors at the particle level are well defined such that the charge state of the 
nanocrystals are determined by the composition, aspect ratio and type of ligands.14–18 In 
directed approaches, external forces such as electric or magnetic fields or pressure 
(Langmuir-Blodgett) are used to drive the organization of the particles typically by 
forcing them from a large 3D solvent volume in the bulk solution to a 2D surface such 
that the restricted space necessitates their spatial re-organisation.19–24 Electric field 
assembly has shown to be particularly suitable for organization of colloidal 
semiconductor nanorods at substrates as the charge state of the rod causes it to be pushed 
towards the opposite electrode with the dipole moment orientating the rods along the field 
lines. In both self and directed approaches, good progress has been made with the former 
allowing organization of rods as free-floating sheets or clusters in solution and the latter 
allowing their directional assembly at a substrate for functional integration.24  
Here we show that self-assembly can be induced as an intermediate step in a directed 
assembly process where 1D Cu2ZnSnS4 (CZTS) nanorods can be induced to pack 
perfectly into monolayer sheets of micron sized dimensions in solution by depletion 
attraction and these 2D sheets under the influence of an electric field get deposited on a 
substrate. The resultant layers are remarkably space-filling due to the inherent flexibility 
in the 2D monolayer sheets and the availability of non-bound nanorods to fill voids 
between the sheets. We further show that the self-assembly intermediate is governed by 
the ligand coverage of the semiconductor nanorods and can be eliminated through ligand 
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exchange with alkyl phosphonic acids resulting in ordered layers at a substrate from 
electric field assembly that occur rod by rod and layer by layer. This combination and 
control of self and directed assembly approaches offers new pathways to material design 
where ordered nanocrystal ensembles at substrates over device relevant areas can be 
obtained either with the discrete particle or with a supercrystal of particles as the 
respective building blocks. The CZTS nanorods chosen here as a model system are 
technologically attractive for photovoltaic applications as they have a high absorption 
coefficient, consist of noncritical raw materials and have a band gap that is tunable by 
stoichiometry. 
4.3 Experimental Details 
Chemicals 
Copper(II) acetylacetonate (Cu(acac)2, > 99.99%), Tin(IV) acetate (Sn(OAc)4, > 99.99%), 
Zinc acetate (Zn(OAc)2,  > 99.99%), trioctylphosphine oxide (TOPO, > 99%), 1-
octadecene (ODE, > 90% tech), 1-dodecanethiol (1-DDT, 98%), tert-dodecylmercaptan 
(t-DDT) were purchased from Sigma Aldrich. Tetradecylphosphonic acid (TDPA, >99%)) 
was purchased from PCI Synthesis. All chemicals were used as received without any 
further purification. 
Synthesis of copper-poor CZTS nanorods 
CZTS nanorods were synthesized by using a modification of our previously published 
procedure.25 Cu(acac)2 (0.1525 g), Zinc acetate (0.0735), Tin(IV) acetate (0.1165 g) and 
TOPO (0.6766 g) were mixed with 5 ml of ODE in a 25ml three-neck flask and evacuated 
at room temperature for 45 min. The solution was then heated to 250 °C in 10 min under 
an argon atmosphere, and at 156 °C, 1ml mixture of 1-DDT and t-DDT in a volume ratio 
of 1:7 was injected into the flask. This resulted in an immediate colour change from dark 
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green to yellow and then finally to brown. After injection, the reaction was allowed to 
proceed for 30 min with continuous stirring. Subsequently, the heating mantle was 
removed, the reaction vessel was allowed to cool to 160 °C and the product was 
transferred to a sample vial without treatment. 
Formation of CZTS-DDTs assembled sheets 
1 ml anhydrous toluene was added to 1 ml as-synthesized product solution, and vortexed 
for 1 min. 5 ml isopropanol was then added and this mixture was centrifuged at 4000 rpm 
for 5 min. The dark brown centrifuged product was collected and redispersed in 1 ml 
anhydrous toluene. The above procedure was repeated twice to yield CZTS close packed 
sheets in micrometre size. 
EPD of CZTS-DDTs sheets  
As-synthesized CZTS nanorods were dispersed in anhydrous toluene with the addition of 
isopropanol, forming floating sheets suspension. A field strength of 925 V/cm was 
applied (Using a high voltage power supply unit (TECHNIX SR-5-F-300, S/N: 
BU08/04971)) between two pieces of Si electrodes (25 mm × 10 mm, n-type, 2-4 ohm-
cm) for 5 min, then the electrodes were slowly lifted from solution and allowed to dry 
slowly under toluene atmosphere. The dark brown coloured CZTS film was formed on 
the positive side. The voltage was monitored using a Black star 3225 MP Multimeter.  
Ligands exchange of CZTS-TDPA Nanorods  
0.05 g TDPA was added into 1 ml as-synthesized product and this was sonicated in a 
water bath for 1 or 5 min. 1 ml isopropanol was added afterward and centrifuged at 4000 
rpm for 5 min. The centrifuged product was collected and redispersed in 1 ml n-hexane.  
EPD of CZTS-TDPA nanorods  
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CZTS-TDPA nanorods obtained from the above procedure dispersed in 1 ml hexane were 
used as an electrolyte solution. The silicon substrates or molybdenum coated glass 
substrates (25 mm × 10 mm) were attached to the electrodes which were 2.15 mm apart. 
The electrodes were immersed in a nanorod solution, and a potential of 300 V was applied 
to the substrate for 5 min, then dried in toluene atmosphere slowly.  
Characterisation 
DLS measurements were performed by using Zetasizer Nano-ZS (Malvern Instruments, 
UK). Toluene solutions of rods were placed into a glass 1 x 1 cm rectangular cuvette and 
a specific amount of isopropanol were added before beginning. XPS measurement of 
CZTS nanorods was carried out using a Kratos Axis 165 spectrometer. High resolution 
spectra were taken using monochromated Al Kα radiation of an energy of 1486.6 eV at 
fixed pass energy of 20 eV. For peak synthesis, a mixed Gaussian-Lorentzian function 
with a Shirley-type background subtraction was used. Samples were flooded with low 
energy electrons for efficient charge neutralization. Binding energies (BE) were 
determined using C 1s at 284.8 eV as the charge reference. 
4.4 Results and Discussion 
In this system, alkylthiol capped CZTS (abbreviated as CZTS-DDT) nanorods are 
synthesized using a mixture of tert-dodecylmercaptan (t-DDT) and 1-dodecanethiol (1-
DDT) that act as both sulfur precursor and surfactant.25 The CZTS-DDT nanorods, are 
approximately 8 nm in diameter (Figure 4.1a) and form stable dispersions in anhydrous 
toluene (dielectric constant ε = 2.38). Their assembly can be triggered at room 
temperature by adding a small amount of a high polar solvent (isopropanol, ε =  17.9) as 
an anti-solvent driving the assembly from 1D rods into 2D discs by depletion interactions 
(Figure 4.3(i) and Figure 4.1b). The preference for rods to assemble side by side is due to 
the dipole-dipole interactions and has been previously observed in related nanorod 
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systems.7,26 The submicron 2D sheets (Figure 4.1b) comprise of several hundred upright 
CZTS nanorods. The DFTEM image Figure 4.1d and corresponding FFT show the perfect 
order obtained in a monolayer sheet. Moiré fringing is evident where two or more sheets 
overlap with a rotational offset (Figure 4.1c-d). The size of the 2D discs is affected by the 
initial nanorod concentration and the standing time after anti-solvent injection. The inter-
rods distance is derived from FFT as 12.29 ± 0.73 nm (centre-centre distance), while the 
gap between two adjacent rods is attributed to the thickness of the ligand shell. The 
transition from rods to assemblies in solution was further investigated by dynamic light 
scattering (DLS) (Figure 4.1e) showing the significant change in an average 
hydrodynamic size of dispersion from ~ 12.66 nm (97.7 %) to ~ 3546 nm (99.7 %), 
triggered by adding a polar solvent. The dispersions are stable in solution for three hours 
with sedimentation occurring typically over 24 hours. Figure 4.2 shows a large number 
of assembled sheets obtained from drying a single droplet of the dispersion showing the 
sizes range from 0.5 ~ 2 μm with discs typically comprising of one monolayer but can 




Figure 4.1 (a) High resolution TEM (HRTEM) images of CZTS nanorods; (b) Dark field TEM 
(DFTEM) image of assembled sheets; (c-d) TEM images showing monolayer and double 
layer assembled sheets and insets show their corresponding Fast Fourier Transformation 





Figure 4.2 (a-c) SEM images of assembled sheets prepared by drop casting from solution 
showing both the side view and top-down view, respectively.  
 
Figure 4.3 Progression of assembly and disassembly of 1D nanorods into 2D discs and aligned 
nanorod layers. (i) Self-assembly of 2D discs by dipole-dipole interactions (ii) Electrophoretic 
assembly of 2D discs into conformal layers (iii) Disassembly of 2D nanorod supercrystals by 
introducing alkylphosphonic acid; (iv) Ligand exchange; (v) Electrophoretic assembly of discrete 
nanorods into the aligned film. 
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When an external DC electric field (300 V) is applied to this suspension of the assembled 
sheets, these discs are driven towards the opposite electrode and deposit forming a 
conformal layer (Figure 4.3(ii) and Figure 4.4a). SEM images show that assembled films 
comprise of a few hundred nanometres sized supercrystal sheets instead of single rods. 
For example, the film in Figure 4.4b is formed by seven layers of 3D sheet domains 
overlapping where the sheets preferentially deposit flat on the substrate. However, in 
some regions, off-parallel orientations of the sheets are evident where rods are perfectly 
aligned side by side in the sheet but not orthogonal to the substrate (Figure 4.4c and d). 
The presence of these domains shows that the 2D sheets are ‘flexible’ and adjust 




Figure 4.4 (a) Cross-section SEM images of highly aligned CZTS-DDT assembled sheets on a Si 
substrate; (b-c) Further SEM images of films consisting of several overlapped multi-layered sheets; 
(d) Cracking defects caused by high internal strain. 
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The assembly mechanism can be altered by carrying out a partial ligand exchange of the 
thiol ligands for tetradecylphosphonic acid (TDPA) on the CZTS surface. The TDPA 
capped rods show less propensity for assembly in discrete rods regardless of anti-solvent 
perturbation. Furthermore, the addition of the TDPA ligands to pre-assembled 2D discs 
with DDT ligands results in disassembly of the 2D discs into freely dispersed rods (Figure 
4.3(iii) and Figure 4.5a). Infrared absorption peaks characteristics of phosphine oxide 
(P=O) at 1120 cm-1 indicate that the surface of the nanorod is covered with TDPA as a 
surfactant (Figure 4.5b). This broad peak from 1000 – 1200 cm-1 contains P=O stretching 
peaks from P-OH and P-O-Metal. The drawing indicates the possible tri-dentate bonding 
formed by the phosphate group and metal.  
 
Figure 4.5 (a) TEM image of dispersed nanorods obtained by breaking supercrystals with TDPA 
ligands. (b) Fourier Transform Infrared Spectroscopy (FTIR) analysis of CZTS nanorods before 




Figure 4.6 (a-b) Electrophoretic assembly of TDPA capped CZTS nanorods; (c) top-view SEM 
image of the crack-free film; (d) XRD patterns of electrophoretic assembly samples comprising 
(i) CZTS-TDPA nanorods and (ii) CZTS-DDT discs both assembled on molybdenum 
substrates. 
In this case, the CZTS nanorods with TDPA capping layer are negatively charged (-32.07 
mV) providing sufficient repulsion energy against aggregation in the absence of external 
direction. However, these rods under the influence of an electric field are also driven to 
the surface but now form a thin-film 1D rod by 1D rod rather than 2D disc by 2D disc 
(Figure 4.6a-c). The XRD pattern of rod-by-rod assembly shows alignment in <002> 
direction and additional peaks at <010> and <011> which correlate with the existence of 
off-axial rods. The disc-by-disc assembly leads to better alignment out of the plane as 
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observed in the XRD pattern (Figure 4.6d, blue line) with only the (002) plane evident 
indicating all nanorods in supercrystals are perfectly normal to the substrate.  
 
Figure 4.7 (a) The high resolution XPS scan of P 2p regions for (i) CZTS-DDTs/TOPO 
nanorods and (ii) Following a TDPA treatment time for 1 min and (iii) 5 min, respectively; (b) 
Table of atomic percentage of P by fitting spectrums in (a); (c) The high resolution XPS scan 
of the S 2p region. (i) Non-treated nanorods with thiols and TOPO as capping ligands; (ii) and (iii) 
are the same batch of the sample treated with TDPA under sonication for 1 min and 5 min, 
respectively.  
The degree of ligand exchange was dependent on the concentration of TDPA solution and 
sonication time. In Figure 4.7a, XPS was used to determine the ligand chemistry 
environment of the nanocrystals. The P 2p region at 132.65 eV confirmed the presence 
of P in phosphate chemical state formed by tertiary phosphine oxide bound to the metal. 
When TDPA was introduced during sonication, P 2p peak shifts from 132.67 to 133.25 
eV. As P tends to be more positive when the phosphate group forms tri-dentate bonds to 
metals, its binding energy is higher.27 The fitting result in Figure 4.7b confirms the 
increasing content of P as sonication time increases. Correspondingly, the close-up scans 
for S 2p demonstrate a reduction of 6.5% of thiolate peak at 161.6 eV, implying the loss 
of sulfur caused by DDT ligands being substituted (Figure 4.7c). The subsequent EPD 
demonstrates that the alignment is only observed using CZTS-TDPA nanorods treated for 
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1 min. This treatment time is sufficient to reach a surface charge in the range of 30 to 50 
mV for ordered deposition.28 
 
Figure 4.8 (a) The plot of total energy in the relation with their separations between two 
neighboring rods in variable charge states; (b) The simulation plot of total energy as a function 
of θi and θj. for self-assembled nanorods with 0.2e net charge and distance of 4 nm. From the plot, 
the lowest state occurs when θi = θj=90° , which means two nanorods are parallel to each other. (c) 
The drawing of two randomly positioned rods which were used in the discussion of (a) and (b); (d) 
The simulated orientation distribution of dispersed rods under the different electric field. 
Understanding self and electric field directed assembly requires consideration of the 
interparticle interactions. For self-assembly of CZTS-DDT nanorods into sheets, the 
dipole-dipole interaction can be considered dominant. For homogeneously charged (-q) 
nanorods with permanent dipole μ, the total energy is plotted as a function of separation 












     (4-1) 
The first two terms represent dipole-dipole and dipole-charge interactions, and the last 
term represents Coulombic interaction, where εs and ε0 are permittivities of media and 
vacuum, respectively. r is the distance between two rods. θi and θj are the angles between 
dipole and separation for rod i and j, respectively. φ is the angle between two dipoles of 
rods. From the plot in Figure 4.8a, for highly charged rods (>1.0e), the repulsion arises 
when the rods are approaching each other. When a high polar solvent is added, the zeta 
potential reduces from -165 to -14.32 mV, which means low charge state (<0.5e), the 
repulsive barrier largely decreases allowing the assembly to occur spontaneously. From 
the simulated approximation, the lowest energy state happens at the point of θi = θj = 90°, 
corresponding to the side-by-side assembly observed in floating sheets (see Figure 4.8b-
c). Each sheet has a combined relatively large net charge and mass, which leads to 
migration in the electric field. Similar layer by layer structures of 2D materials by EPD 
have been reported in the literature.29 For the second case of electrophoretic assembly of 
discrete rods, the permanent dipole not only contributes to the coupling between rods but 
also to their orientation with the field direction. In fact, the rotation energy on rods is a 
few magnitudes higher than dipole interactions. The orientation distribution of rods Ψ(ϕ) 
at various values of field strength Session 1.3.2): 30 




where ϕ is the angle between permanent dipole direction and the field, and the rods are 
considered equally disoriented in suspension when no field is applied (black dash line in 
Figure 4.8d). As the field strength increases, the alignment along the field direction 
becomes stronger. At the ideal situation, the alignment is almost perfect in the ultra-strong 




In summary, we have shown that organized assemblies of nanorods at substrates can be 
obtained by two pathways. The thiol-capped nanorods pre-assemble into 2D discs by self-
assembly, and these discs can be packed into layers at the substrate by electric field 
deposition. The propensity of the occurrence of this intermediate self-assembly step is 
governed by the charge state of the rod and elimination, or reversal of this step is possible 
by judicious ligand exchange with alkyl phosphonic acid surfactants.  It is, therefore, 
possible to obtain highly ordered layers in 3D using either discrete 1D rods or 2D 
monolayer supercrystals of rods as the building blocks. As the assembly approaches are 
dependent on tunable properties of the rods such as charge (ligand state) and dipole 
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Chapter 5: Assembling Ordered CdSexS1-x Nanorod 
Superstructures and Their Application as Microcavity Lasers  
This chapter is presented as published in Scientific Reports, with the inclusion of 
Supporting Information in the main text for ease of reading. 
Liu, P.; Singh, S.; Guo, Y.; Wang, J.; Xu, H.; Silien, C.; Liu, N. and Ryan, K. M. 
Scientific Reports. 2017 Just Accepted. 
5.1 Abstract 
Herein, we report the layer by layer growth of thin-films comprised of vertically aligned 
and close-packed CdSexS1-x nanorods. Attaining complete orthogonality in the nanorod 
orientation across the layer is shown both experimentally and theoretically to be primarily 
dependent on the applied field strength, and is also influenced by the net particle charge 
and the dielectric constants of nanocrystals and solvent. The assembled nanorod layers 
are uniform across the substrate and can be accurately tuned to occur as a monolayer or 
in thickness controlled multilayers. Lasing from supercrystal films consisting of highly 
ordered and vertically aligned CdSexS1-x nanorod emitters is demonstrated. The 
outstanding optical characteristics are further demonstrated by the occurrence of lasing 
from a patterned square trench in the assembly where the edges provide the feedback to 
form a resonant cavity.  
5.2 Introduction 
Colloidal nanocrystal lasers offer significant promise for low cost, high gain devices that 
can be synthesized and processed from solution. 1D rod-shaped nanocrystals (rods, wires, 
belts) are of particular interest as they have shown a lower threshold for lasing in addition 
to exhibiting directional and polarized emission.1,2 The knowledge gained from quantum 
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dot solids indicates that close packing is necessary to allow sufficient volume fraction of 
nanocrystals to overcome losses due to non-radiative processes and allow amplified 
spontaneous emission (ASE).3–5 Therefore harnessing the collective emission from 
colloidal semiconductor nanorods through organized assembly has enormous potential 
for next generation lasers with particular interest for their application in integratable 
nanophotonics as components for all-optical integrated circuits.6,7 Previously, optically 
pumped lasing has been observed where order occurs in dot-in-rod ensembles, cylindrical 
microcavities, and self-assembled ring patterned arrays.8,9 Fully harnessing the 
enhancement from assembly requires complete orientational and positional order of the 
nanorod emitters across an entire substrate to allow for a practical and reproducible route 
to optical integration. 
Significant progress has been made in the hierarchical organization of semiconductor 
nanorods into 1D, 2D, and 3D arrangements10–12 using both self and directed protocols, 
where in all cases the particle-particle interactions affected by the charge and dipole 
moment of the rod plays a role.13–16 We have shown that aligned assemblies with a high 
degree of order can be effectively grown from a substrate using electric field assisted 
assembly.17,18 The net nanorod charge confers electrophoretic mobility on the rods under 
the influence of the applied field whereas the intrinsic dipole moment ensures orientation 
of the rods along the field lines. Previously, generating strong PL emission in rod shape 
was possible by forming the CdSe-CdS dot-in-rod structure developed by Manna et al.19 
More recently, our group has achieved strong PL emission in the cadmium chalcogenides 
system without a core-shell structure by combining the metal cation with both chalcogen 
anions in an alloy.20 This alloyed nanostructure allows precise tuning of bandgap as a 




Here, we form thickness and compositionally controlled assemblies of CdSexS1-x alloyed 
nanorods directly at substrates using electric field assembly. We can control the aspect 
ratio of the rods and determine the electric field strength to generate the most ordered 
structures perpendicular to the substrate. We also demonstrate amplified spontaneous 
emission and lasing in the ordered system, which is absent in disordered analogues at the 
same pumping intensity. In particular, lasing from a square cavity (10 μm × 10 μm) 
patterned by focused ion beam milling (FIB) in the assembled film is demonstrated. Their 
ease of assembly from solution, controllable deposition procedures and subsequent 
compatibility for further processing makes this route an attractive approach for 
integratable nanophotonics. 
5.3 Experimental Details 
Materials 
All reagents were used as received without any further purification. Cadmium oxide (> 
99 %), trioctylphosphine (TOP, 97 %), trioctylphosphine oxide (TOPO, 99 %), selenium 
(99.98 %) and sulfur (99 %) were purchased from Sigma-Aldrich, n-octadecylphosphonic 
acid (ODPA, > 99 %) and n-hexylphosphonic acid (HPA, > 99 %) were obtained from 
PCI Synthesis. N-type phosphorus doped silicon wafers were purchased from Si-Mat. 
ITO/Glass was purchased from Xinxiang Ltd.  
Syntheses of CdSexS1-x nanorods 
The basic synthesis route followed as reported with minor changes. CdO (0.11g, 1 mmol), 
TOPO (1.45 g, 3.87 mmol), HPA (0.11 g, 0.66 mmol) and ODPA (0.45 g, 1.35 mmol) the 
mixture was heated to 120 ºC and evacuated under vacuum for 30 min, then refilled with 
argon, heated to 330 ºC forming a colourless solution. When the temperature reached 300 
ºC, TOP (0.84 g, 2.26 mmol) was injected into the flask. The Se-S stock solution (sulfur 
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(12.025 mg, 0.375 mmol) and selenium (49.35 mg, 0.625 mmol) powder prepared in 500 
µL of TOP) was rapidly injected when temperature raises to 330 °C, causing a gradual 
colour change. After injection, the growth was allowed to continue for 15 min with 
stirring. Subsequently, the heating mantle was removed and the reaction vessel was 
allowed to cool down to 160 ºC. The nanorods were then washed with 5 ml of anhydrous 
toluene and 10 ml of isopropanol and centrifuged at 4000 rpm for 10 min to remove access 
ligands. The precipitate was collected and kept for subsequent deposition. By varying the 
HPA amount (0.09 g, 0.11 g, 0.15 g) in this reaction, we achieved different length of 
nanorods (20 nm, 40 nm, 70 nm, respectively).  
EPD film preparation 
The as-washed nanorods were dispersed in anhydrous toluene as electrolyte solution and 
sonicated for 3 min before deposition. Two pieces of ITO glass (or n-type Si substrate) 
(30 mm × 10 mm) were attached on both sides of the spacer as electrodes. The electrodes 
were kept at a distance of 2.15 mm and parallel to each other to form a homogenous 
electrical field. To achieve a variety of thicknesses, different potentials were applied to 
the electrodes for 5 min. After deposition, the electrodes were gently raised from the 
electrolyte solution and dried in toluene atmosphere slowly. A uniform layer of aligned 
CdSeS nanorods was observed on anode deposition. 
Optical characterisation 
The SEM was used to confirm the alignment of the nanorods within thin films via Hitachi 
SU-70. To characterize the optical gain of the CdSeS nanorod film, a Coherent Libra (1 
KHz, 100 fs) was used to pump a Light Conversion optical parametric amplifier TOPAS 
(1 KHz, ~3 ps). The laser output is tunable from 500 nm to 5 μm. In this experiment, the 
pump laser is focused on the sample using ×20 objective lens. The scattered and reflected 
light is collected by the same objective and is then redirected to a CCD camera or 
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spectrograph. The above optical characterisation and analysis are performed by Dr. Ning 
Liu in Department of Physics. 
5.4 Results and discussion 
The CdSexS1-x nanorods capped mainly by phosphonic acid were synthesized via a 
modified method20 where x could be tuned from 1 to 0.375 while maintaining a highly 
monodisperse distribution of rods with typical aspect ratio γ = 4 (Figure 5.1a). The 
nanorods were dispersed in anhydrous toluene and deposited under a DC field (Figure 
5.1b), forming a film on the anode that grows according to the deposition time (0.1 ~ 2 
μm thick). The high resolution SEM shows that the nanorods are packed in a highly 
ordered manner with each nanorod c-axis orthogonal to the substrate having aligned with 
the applied field direction (Figure 5.1c). The XRD diffraction pattern of the aligned film 
(red line in Figure 5.1d) shows a substantial increase in the intensity of the (002) peak 
(with regards to the disordered sample) with a concomitant reduction in the (100), (101) 
and (110) reflections due to the preferred orientation of the rods with the c-axis normal to 
the incident beam. 
To demonstrate the bandgap tunability of assembled films, the solid state PL of three 
samples of different compositions in both disordered and ordered states are shown in 
Figure 5.1e. The band gap shifts from 1.8 eV to 1.9 eV according to Se / S composition 
at x = 1, 0.625 and 0.375, respectively. A quench (80 ~ 90 %) of PL intensity is observed 
on transitioning from disordered samples made by drop-casting to highly ordered samples 
using the same batch of rods. A similar phenomenon has been observed previously in 
dyes where rhodamine 6G at high concentration undergoes a self-quenching effect, due 
to the formation of dimers or other quenching complexes, which have nonradiative 
deexcitation channels.23,24 As nanorods are aligned parallel to each other with a rod-to-
rod distance of 1 ~ 2 nm, both radiative and nonradiative decay rates are likely to be 
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modified considerably due to the induced radiative scattering and absorption in their 
neighbors, which can lead to considerable changes in PL intensity and lifetime.25 
Additionally, the backscattered configuration used in our experiment mitigates against the 
collection of light from the directional emission of vertical alignment of the nanorods, 
which could also contribute to a reduction in collected PL.26 
 
Figure 5.1 (a) TEM image of CdSe0.625S0.375 nanorods with aspect ratio of 4; (b) the setup for 
electrophoresis assembly; (c) Cross-section SEM image of vertically aligned multilayer CdSeS 
nanorods on Si substrate. (d) XRD patterns electrophoresis aligned film (red line) and disordered 
CdSeS nanorods (black line); (e) PL characterisation of assembled and disordered films in three 
compositions: CdSe (blue line), CdSe0.625S0.375 (Se-rich sample, orange line), and CdSe0.375S0.625 
(S-rich sample, red line). 
With the both actions of electrophoretic mobility and the induced dipole along the long 
axis, the rods are adequately organized into 3D close structure extended over centimetre 
scale area. In addition, the rods show a complete side-by-side order with sequential layers 
sitting subsequently on top of the underlying deposits in multilayered samples. We also 
demonstrate accurate control of the growth of layers in the time-related deposition process, 
as shown in Figure 5.2a-c. Moreover, EPD was carried out on the nanorods with different 
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aspect ratios, which are estimated having corresponding dipole moments. The cross-
section SEM images demonstrate this ubiquitous system can be applied on nanorods in 
various dimensions (Figure 5.2d-f). 
 
Figure 5.2 (a-c) Cross-section SEM images shows the growth of multilayer assemblies can be 
achieved by adjusting deposition conditions; (d-f) The EPD assisted alignment of rods is also 
suitable for rods in different aspect ratios. 
 
Figure 5.3 Influence of field strength and deposition time on the thickness of EPD film. 
Experimental data points are obtained from EPD of (a) concentrated and (b) diluted CdSeS 
suspension. 
During the EPD process, all parameters (surface charge, dipole moment, ligands, 
concentration, electrophoresis mobility, etc.) are considered equally significant to EPD 
assisted assembly results. The contour plots in Figure 5.3 illustrate the dependence of the 
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film thicknesses and the deposition conditions. The dependences of all parameters fit the 
Hamaker’s law perfectly (Equation 1-23). When a weak field applied, a less number of 
highly charged particles among all particles could migrate. Therefore, the white colour 
background in Figure 5.3 represents incomplete layer or disordered films obtained as a 
result. As the concentration halfly reduced to 62 % in Figure 5.3b, the thickness decreased 
accordingly in 48% under the same condition. These plots can be used as references to 
produce CdSeS films with desired thickness by determining the deposition conditions. 
 
Figure 5.4 (a) A wide field optical image recorded in the reflective mode; (b-c) are images recorded 
on the same area with pump power at 138.4 and 560.6 mJ/cm2 after 600 nm long pass filter (scale 
bar is 20 μm); (d) The evolution PL of a cracked CdSe0.625S0.375film with various pump power; (e) 
and (f) are cross-section SEM image shows the cracks occurs due to strain inside a 700 nm thick 
film (scale bar of (e) is 500 nm, and scale bar of (f) is 200 nm). 
When the thickness of the sample is over ~ 500 nm, some of the assembled films start to 
crack due to strain within the film during solvent dewetting (Figure 5.4a). These features 
act as natural feedbacks to the propagation of light and random lasing can be observed 
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from the cracks. Figure 5.4b-c are images recorded on the same area with pump intensity 
at 138.4 and 560.6 mJ/cm2 after 600 nm long pass filter, corresponding to spontaneous 
emission and lasing, and the lasing peak can be observed in Figure 5.4d. The cross-section 
SEM images in Figure 5.4e-f show that the alignment of rods is not disturbed by the 
occurrence of cracking. 
To further demonstrate the capability of the ordered nanorod film as a suitable lasing 
material for top-down integrated photonics applications, we patterned a square (10 m  
10 m) on the 600 nm thick, ordered CdSe0.625S0.375 nanorod film on an ITO/Glass 
substrate using a focused ion beam (FIB) to mill out a 300 nm wide trench around the 
square (the schematic shows in Figure 5.5a). The edges of the square provide the feedback 
to form a resonant cavity. Figure 5.5b shows the evolution of PL emission as a function 
of pump intensity on the patterned square, which clearly demonstrates the emerging of 
the resonant cavity modes and the onset of lasing. The FWHM of the cavity modes is 
around 2 nm at a pump intensity of 486.3 W/cm2, an indication of lasing behaviour. Figure 
5.5c is the optical image of the lasing cavity recorded by a CCD camera with a 600 nm 
long pass filter. We can clearly observe the scattered light from the cavity edges. Using 
theories developed by Poon et al.,30 we estimate there are over 500 resonant modes within 
the emission band of CdSe0.625S0.375 nanorods (620 to 700 nm), in a 10 μm × 10 μm square 
cavity. Figure 5.5d-f give the simulated mode distribution in the cavity using COMSOL 
Multiphysics 4.4 wave optics module simulation package at three resonant wavelengths 
641.6 nm, 634.6 nm, and 629.3 nm, respectively, as shown in Figure 5.5b. It is notable 
that multiple cavity modes are excited at each wavelength and the modes are mostly 
confined within the square. The lasing threshold of the milled structure is higher than that 
of the random lasing case, which we attributed to the damage to the materials during FIB 




Figure 5.5 (a) The schematic shows the cut trench on assembled film and lasing from the 
engineered trench; (b) The evolution of PL spectra of the square cavity fabricated on ordered 
CdSe0.625S0.375 film and the onset of lasing. The inset shows a wide field optical image of the square. 
(Scale bar is 5 μm); (c) The image recorded in the same area with pump intensity at 486.3 mJ/cm2 
(Scale bar is 5 μm); (d-f) Simulated mode distribution at wavelengths 641.6 nm, 634.6 nm, and 
629.3 nm, respectively; (g) and (h) are optical microscopy image of FIB patterned waveguide and 
the observation of the propagation loss of the film. 
To estimate the total propagation loss of the patterned structure, a waveguide of 2 μm in 
width and 20 μm in length was also patterned on the same sample using FIB (Figure 5.5g). 
The plot in Figure 5.5h is obtained by monitoring the PL emission (I) at the end of the 
waveguide as the distance (R) of the excitation-collection changes; the data are fitted with 
exponential decay curve  I = 725.19exp(– R/7.138), yielding a loss coefficient of 1415 ± 
143 cm-1. As the onset of lasing indicates that the internal gain exceeds the total loss, we 
expect that the internal gain of the assembled nanorods film is greater than this value, 
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which indicates the great potential of this material as a promising candidate in various 
high gain applications in the future.   
5.5 Conclusion 
In summary, we have demonstrated lasing from highly ordered CdSexS1-x nanorod 
assemblies deposited at substrates using electric field assisted assembly. The architectural 
arrangement allowed the formation of a thickness controlled deposit comprise of layers 
of perfectly aligned and close-packed nanorods all oriented orthogonal to the substrate. 
This provided sufficiently large optical gain to achieve lasing in the form of cavity modes 
in both natural crack propagations or customized square cavities fabricated in the 
assembly. The assembled nanorod films provide a low-cost way to achieve active optical 
functionalities and open pathways to achieve integrated optics and optoelectronics thatjj 
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Chapter 6: Sequential-Layer Assembly of Heterostructure 
Multilayer Nanorod Thin Films Prepared by Electrophoretic 
Deposition 
6.1 Abstract 
In this chapter, the use of electric field assembly is extended to more complex 
architectures where multilayer thin films alternating between semiconductor and metal 
nanorod assemblies are formed. This was achieved by extending the assembly protocol 
to Gold nanorods (GNRs) and sequencing the directed assembly with band-gap tunable 
CdSexS1–x (CdSeS) nanorods. This allowed the formation of a sandwich structure where 
a layer of metal rods is trapped between aligned fluorescent nanorod layers. The 
multilayer heterostructure films exhibit four times enhancement in both Raman and 
photoluminescence signals, showing possibilities for potential applications in sensors and 
displays. 
6.2 Introduction 
Hierarchically organized nanomaterials are of interest for the development of novel 
sensing and optoelectronic systems. The collective plasmon coupling from super crystals 
of metal nanoparticles, in particular, induces a highly enhanced amplification of optical 
signals, that can lead to a significant optical shift in localized surface plasmon resonance 
applicable to photonics and sensing fields.1–4 Hybrid superstructures containing both 
noble metal and semiconductor nanocrystals are expected not only to have combined 
properties of both materials but also give rise to new phenomena related to their 
interparticle interactions, such as reduction in PL lifetime and tunable charge transfer 
interactions.5–8 In light energy conversion systems, one promising way to improve the 
absorption efficiency is to introduce gold particles and hence improve quantum yield. It 
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is well-known that an Au particle having an intense localized surface plasmon resonance 
peak can lead to the enhanced PL intensity of the semiconductor in the proximity of gold 
nanoparticles. However, this enhanced effect is distance related, with nonradiative energy 
transfer predominately occurring when the semiconductor nanoparticles are located too 
close to the gold particles.9,10 Thus, the nanocomposites incorporating both types of 
nanoparticles with sufficient space to avoid the occurrence of electron transfer has 
attracted intense research efforts. Much research has been conducted on the bimodal 
assembly of such supercrystals using 0D particles with various lattice structures using 
metal nanoparticles with PbSe or CdSe nanocrystals with the type of structure formed 
determined by the respective radius ratios of the particles in question.5,11 Bimodal 
assembly with two types of 1D nanorods has not been reported (and is unlikely to be 
possible), as there are no interstitial voids in packed arrays (such as tetrahedral or 
octahedral sites, that occur in FCC packed spheres that can accommodate smaller 
particles). An alternate approach is to achieve bimodality in 2D layering with alternating 
monolayers of nanocrystals of different types. This was previously achieved in thin films 
of three different size silica spheres by multiple dip-coating steps although as yet has not 
been extended to 1D particles.12.14  
My work to-date and that of the research group have focused on 1D semiconductor 
nanorods. There is also a lot of work published on the 1-D assembly of GNRs especially 
in the biomedical field. Typically, small thiol molecules are employed as linkers to 
assemble Au nanorods into oligomers or long chains.15,16 The assembly of GNRs can also 
be achieved by attaching polymers on the end or side of the nanorods forming end-to-end 
or side-by-side assemblies.1 Randomly oriented horizontal nanorod arrays in a monolayer 
GNR assembly are commonly observed using the slow evaporation method.17 It is useful 
to compare the anisotropic semiconductor nanorods such as CdSeS nanorods that we 
work with to GNRs. The semiconductor nanorods with asymmetric structure possess 
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permanent dipoles as we have shown.18,19 Conversely,  although the GNRs are electrically 
neutral, the electrons inside the rods can be driven to one part of the rods, making this 
part negative. Conversely, the other part shows a positive charge due to the loss of 
electrons.20 An induced dipole is hence created by the separation of charges in a rod by 
an external electric field, which only presents when the field is switched on. Therefore, 
the above anisotropic nanoparticles having either permanent or induced dipoles can be 
driven to orientate to the field direction and pushed towards the opposite electrode.21,22 
When considering two different types of nanorods (metal and semiconductor), it 
stimulates the discussion on the differences and the similarities of their dispersibility, 
electrophoretic mobilities and dielectric constants.  
In this study, we report for the first time the preparation of a heterostructured multilayer 
film containing an alternating assembly of metal nanorods and fluorescent semiconductor 
nanorods by sequential application of an electric field to GNRs and CdSexS1–x (CdSeS) 
nanorod dispersions. The GNRs and CdSeS are chosen because of the ease of 
controllability of morphology during synthesis and their interparticle plasmon interaction 
facilitating nanoscale connectivity. The resultant layers are composed of three layers with 
clear boundaries using remarkably just two deposition steps. The process starts from the 
formation of aligned GNR arrays in the first deposition step, when this solution is 
subjected to a second deposition of CdSeS rods, the GNRs become detached from the 
substrate allowing the assembly of CdSeS rods above and bellow the GNR layer. This 
result was unexpected as the target was single monolayer deposition of GNR followed by 
CdSeS NR. We further show that the obtained film, which covers the entire substrate, 
demonstrates a clear four times enhancement of optical signals. This controlled electric 
field directed assembly of two different types of nanocrystals offers a novel route to 
designing composite nanomaterials over device scale areas. 
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6.3 Experimental Details 
Chemicals 
Cetyltrimethylammonium bromide (CTAB, >95%, C/3960/53) was purchased from 
Fisher Scientific. Gold(III) chloride trihydrate (HAuCl4∙3H2O, ≥99.9%), sodium 
borohydride (NaBH4, >99%), silver nitrate (AgNO3, >99%), L-ascorbic acid (≥99.0%), 
hydrochloric acid (HCl, 36.5–38%), sodium hydroxide (NaOH, ≥97%), mercaptosuccinic 
acid (MSA, 97%), tetraoctylammonium bromide (TOAB, 98%), cadmium(II) oxide 
(>99%), trioctylphosphine (TOP, 97%), trioctylphosphine oxide (TOPO, 99%), selenium 
(99.98%) and sulfur (99%) were purchased from Sigma-Aldrich. n-Octadecylphosphonic 
acid (ODPA) and n-hexylphosphonic acid (HPA) were obtained from PCI Synthesis. 
Anhydrous toluene, isopropanol, n-hexane, cyclohexane and chlorobenzene (99.8%) 
were purchased from Lennox Laboratory Supplies Ltd. All reagents and solvents were 
used as received without further purification. 
Synthesis of GNRs 
The GNRs were prepared using the standard seed-growth method. The gold seed solution 
was formed by adding freshly prepared ice-cold aqueous NaBH4 solution (0.01 M, 1 mL) 
to a mixed aqueous solution of CTAB (0.10 M, 9.75 mL) and HAuCl4 (0.01 M, 250 µL). 
The solution was vigorously stirred (1200 rpm) for 2 min after adding the NaBH4 solution. 
There is an immediate colour change from colourless to bright yellow to light brown. 
An aqueous solution of AgNO3 (0.01 M, 150 µL) was added to the solution of CTAB 
(0.10 M, 19 mL) and left undisturbed for 15 min, a solution of HAuCl4 (0.01 M, 1 mL) 
was added to this solution afterward with mild stirring (400 rpm). Subsequently, HCl (0.8 
mL, 1 M) and L-ascorbic acid (0.1 M, 220 µL) were added to the growth solution followed 
by adding 170 µL of the gold seed solution. The nanorods were allowed to grow overnight 
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without stirring at 30 °C. The as-synthesized GNRs were separated by centrifuging at 
5000 rpm for 20 min and redispersed in water. 
Phase transformation of GNRs 
The GNRs were transferred to the chlorobenzene phase following the protocol reported 
by Chen et al.23 The as-synthesized GNRs were centrifuged and redispersed in water 
twice, to reduce the concentration of CTAB. The final sediment was redispersed in 3 mL 
of deionized water. MSA (3 mL, 10 mM) was added to 3 mL of the aqueous GNR solution. 
The pH was subsequently adjusted to 9 using dilute NaOH solution (1.7 mL, 0.1 M) under 
vigorous stirring. To this solution, 1.5 mL of a 50 mM solution of TOAB in 
chlorobenzene was added. The resulting mixture was stirred vigorously for 30 min and 
left undisturbed until the water phase discoloured and the organic phase became intensely 
red. The bottom GNRs in chlorobenzene were collected carefully using a pipette and 
transferred to a centrifuge tube. The collected product was centrifuged again and the top 
layer, which may contain water was discarded. The GNR sediment was redispersed in 1 
mL chlorobenzene for further use. 
Synthesis of CdSeS nanorods 
The synthesis recipe of CdSeS nanorods follows the experimental details in Chapter 5 
exactly.  
EPD of GNRs 
0.2 mL of previously prepared GNRs in chlorobenzene solution was added to 5 mL of 
different types of electrolyte solvents (anhydrous toluene, chlorobenzene, hexane and 
cyclohexane) and ultrasonicated for 2 min. Two pieces of the silicon wafer (1 cm  2.5 
cm) were used as electrodes and held parallel to each other with a spacing of 2.15 mm. 
The electrodes were immersed in a nanorod solution, and a potential of 400 V was applied 
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to the substrate for 5 min, with the obvious colour fading of the electrolyte solution from 
violet to colourless. The GNRs deposit was formed on the positive side of the electrode. 
Co-deposition of gold and CdSeS nanorods 
The CdSeS suspension was prepared by adding 0.04 mL CdSeS concentrated suspension 
in 5 mL anhydrous toluene. The substrate with aligned GNRs from the previous step was 
dipped in the CdSeS and toluene suspension, and a voltage of 300 V was applied for 1 
min. The substrates were lifted gently from the solution and dried slowly in toluene 
atmosphere. 
6.4 Results and Discussion 
Monodisperse FCC GNRs were synthesized by the standard seed-growth methods24 with 
accurately controlled dimensions of 11 nm  45 nm (Figure 6.1a, b). The as-synthesized 
GNRs were centrifuged twice to remove excess CTAB and redispersed in deionized water.  
 
Figure 6.1 (a) TEM image of GNRs (11 nm  45 nm); (b) HRTEM image of face-centred GNR with 









Figure 6.3 XPS high-resolution scans of the Au 4f region of GNRs (a) before and (b) after phase 
transformation. 
In Chapter 3, the degree of ligand exchange, which influences the surface charge, was 
proven essential for EPD assembly. Herein, the XPS spectrum in Figure 6.2 was used to 
determine the surface chemistry of the GNRs before and after phase transfer. Before 
GNRs were transferred to chlorobenzene, the bilayer capping ligands CTAB were 
replaced by MSA with the strong head group of –SH. The peaks of N 1s (402 eV) and Br 
3p (179.9–186.8 eV) are both present in the two spectra, indicating the existence of CTAB 
molecules on the rods’ surface. When the ligands are replaced by MSA, there is an 
additional peak of S 2p (161–162.3 eV) shown in Figure 6.2b. The high-resolution scan 
of Au 4f in Figure 6.3 also demonstrates a shift from 87.58–83.88 eV to 86.92–83.25 eV, 
as the Au atom behaves more electropositively after binding with MSA. The fitting results 
of the XPS spectrum confirm that 95% of the CTAB was replaced in this step. 
To investigate the optimum solvent condition for forming an assembled layer of GNRs, 
a few comparative EPD experiments were carried out using four different types of solvent: 
toluene (ε = 2.38, μ = 0.43 D), chlorobenzene (ε = 5.62, μ = 1.15 D), n-hexane (ε = 1.88, 
μ = 0.04 D) and cyclohexane (ε = 2.02, μ = 0 D). The SEM images in Figure 6.4 show 
that the GNRs in the films deposited in toluene and chlorobenzene are randomly oriented 
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with nanorods forming small assemblies (Figure 6.4a and b). This is attributed to the 
overlarge dielectric constant of electrolyte solvent will decrease the surface charge of 
nanorods, as stated in Chapter 3. It leads to the dramatic lowering in the repulsion 
interaction which favors the formation of small assemblies. Depositions in both n-hexane 
and cyclohexane result in uniform films with a smooth surface. However, the alignment 
only occurs when the GNRs are diluted in the non-polar solvent cyclohexane (Figure 
6.4d). Because cyclohexane has the lowest dielectric constant, and the total interparticle 
interaction will increase due to strong coulombic repulsion and the increased surface 
charge. Those heavily charged particles were then driven towards the substrate forming 
thick and aligned deposits. 
 
Figure 6.4 EPD result on GNRs in different types of solvents: (a) anhydrous toluene; (b) 
chlorobenzene; (c) n-hexane; (d) cyclohexane. 
Because EPD cannot be performed in aqueous dispersing media, before deposition, GNRs 
were transferred into chlorobenzene with the ligand exchanged from CTAB to MSA. The 
final concentrated dispersion was further diluted in cyclohexane, which is a non-polar, 
hydrophobic solvent. The GNRs were driven by the electric field force and deposited on 
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the substrate when a strong electric field of 955 V/cm was applied to this suspension for 
5 min. The obtained film was imaged by SEM confirming the multilayered vertically 
aligned GNRs organization (Figure 6.5a) within the film. Most of the rods are found to 
be standing with their <001> axis parallel to the field direction. 
Colloidal CdSeS nanorods with tunable band gap were prepared by injection of both 
sulfur and selenium precursor into the heated cadmium complex mixture.25 It has been 
demonstrated that these nanorods carrying the optimum amount of charge can be 
organized into thickness-controlled thin films by EPD.26 Figure 6.5b shows a high-
magnification SEM image of the ordered CdSeS superstructure formed by applying an 
electric field to the toluene suspension.  
 
Figure 6.5 The SEM images of highly aligned multilayer (a) GNRs and (b) CdSeS nanorods 
assembled by EPD. 
We notice that the assembled GNR film on silicon substrate obtained from the last 
deposition step will partially or completely redisperse when it is immersed in toluene, 
because MSA-GNRs show good dispersibility in toluene as toluene is a non-polar solvent. 
However, a remarkably different scenario happens when the CdSeS nanorods are added 
to this solution and an electric field is applied.  The simultaneous process of detachment 
of the GNRs and deposition of the CdSeS NRs results in the CdSeS layering (Figure 6.6a). 
Figure 6.6c demonstrates that at the regions where GNRs are still attracted to the substrate 
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when the electric field is immediately switched on in the second deposition, only the top 
CdSeS layer is formed because the GNRs are fixed at their location by the coming flow 
of CdSeS nanorods. In another case, the field is applied after five seconds of substrate 
immersion that the GNRs are allowed to slowly separate from the substrate. We observe 
a heterostructure film with a clear boundary showing the existence of the alternating 
layers of the GNR and CdSeS nanorods. For this to happen, the CdSeS nanorod moves in 
between the redispersed GNRs and the substrate, and form aligned layers both on top and 
underneath it. As the dispersibility of GNRs-MSA nanorods in toluene is not as good as 
in cyclohexane, the redispersed process appears to have occurred sufficiently slowly such 
that CdSeS nanorods to locate themselves in the lowest energy spots.  
In contrast, it has been observed that no deposition occurs if the two-step deposition was 
performed in the sequence CdSeS and GNRs. The aligned layer of CdSeS is produced on 
the negative electrode after the first EPD run in toluene. This thin film is dispersed in 
cyclohexane immediately at the beginning of the second step, which also disturbs the 
formation of the gold layer on the electrode, and leads to failure. It is due to the very low 
polarity of cyclohexane that the CdSeS nanorods prefer to stay in the solvent rather than 
on the substrate. As the CdSeS nanorods are slowly released into the solution, the 
dispersing condition and chemical environment are significantly changed for GNRs. 
Therefore no deposition is achieved. A possible way to solve this problem is to manipulate 
the capping ligand on both types of nanorods, and hence to improve the stability of CdSeS 




Figure 6.6 (a) Schematic of sequential-layer deposition of GNRs and CdSeS nanorods; SEM 
images of (b) aligned GNRs layer as first deposited; (c) CdSeS rods were deposited on top of the 
gold; (c) CdSeS/Au/CdSeS heterostructure film was formed after two deposition runs. 
Optical studies were performed on the aligned CdSeS/Au/CdSeS heterostructure film and 
compared to the reference sample of CdSeS-only aligned film on silicon with the same 
thickness. The Raman bands of CdSeS nanorods at 205.6 and 273.87 cm–1 were observed 
using a 532 nm laser at 1 mW. The Raman signals show a clear four-fold amplification 
for both peaks and their overtones in the heterostructured film, indicating the excitation 
of the surface plasmon propagation (Figure 6.7a). The fluorescence spectra in Figure 6.7b 
show that the heterostructure film also enhanced the photoluminescence intensity by 
approximately four times compared with the bare CdSeS sample. This is due to the thick 
ligand shell between GNR and CdSeS nanorods serving as a spacer to prevent the electron 
transfer between semiconductor and gold particles, resulting in a plasmon-induced 
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photoluminescence enhancement. For fluorescence nanoparticles based energy 
conversion devices, incorporating GNRs as a middle layer could largely increase the 
absorption efficiency compared with the semiconductor alone due to effective photo 
excitation of CdSeS nanorods. 
 
Figure 6.7 Raman and photoluminescence spectra of the sandwich-structured sample and the 
CdSeS-only sample. 
6.5 Conclusion 
In this work, we demonstrate that a heterostructure multilayer thin film containing 
alternating layers of gold and CdSeS nanorods is fabricated using sequential EPD 
techniques. A heterostructure across the three layers is accomplished using just two EPD 
steps. The alignment of these three layers is critically affected by the solvent polarity. We 
also observed a fourfold enhancement of photoluminescence and Raman signals of the 
CdSeS nanorods in the heterostructure compared with the CdSeS-only sample. The binary 
assembled film is shown to be a candidate for an effective SERS-active substrate. This 
unique structure also opens opportunities for exploration and tailoring of a wide range of 
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Chapter 7: Conclusions and Recommendations for Future 
Study 
This research aimed to achieve highly ordered semiconductor nanorods at device scale 
by electrophoretic deposition for use in optoelectronic and photovoltaic devices. The 
investigation incorporated three main facets: the preparation and complete control of 
assembled semiconductor nanorods by EPD, the discussion on influencing factors and 
potential device applications and characterisation.  
EPD offers an alternative assembly route using the incorporation of an electric field onto 
charged nanorods with permanent dipole moments. A general method towards nanorods 
assembled by EPD and numerical modeling was outlined in Chapter 3. From the 
numerical simulation of the total energies between nanorods with horizontal and vertical 
configurations, it was found that the net charge on the nanorods must be at least +4e to 
achieve a side-by-side assembly structure through EPD. Therefore, the assemblies can be 
tailored to meet the requirements of specific devices by modifying the net charge of 
nanorods, with vertically aligned assemblies being ideal for sandwich-type structures and 
horizontally aligned assemblies being ideal for planar electrode-type optoelectronic 
devices. 
The chemistry of ligands on nanoparticles has proven to be very important in determining 
the net charge conditions. Some ligands lead to weak charges with the occurrence of 
aggregation or assembly in solution, while other ligands lead to a strong charge, with 
nanocrystals forming stable dispersion due to electrostatic repulsion. In this respect, the 
two-stage assembly of quaternary semiconductor CZTS nanorods at substrates using both 
self-assembly and EPD is investigated in Chapter 4. The self-assembly of DDTs capped 
CZTS nanorods is triggered by introducing a strong polar solvent, thus reducing the 
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repulsive barrier and allowing for spontaneous assembly into 2D discs. These discs can 
be packed into layers at the substrate by electric field deposition. The alkylthiol capping 
ligands were later replaced with TDPA which offers a strong net charge for the mobile 
nanorods in the electrolyte solution. The permanent dipole not only contributes to the 
coupling between rods but also to their orientation with the field direction. From this 
study, it is possible to obtain highly ordered layers in 3D using either discrete 1D rods or 
2D monolayer supercrystals of rods as the building blocks.  
The ordered CZTS ensembles at substrates over device relevant areas are attractive for 
photovoltaic applications. Further investigation should be carried out on the performance 
of CZTS nanorod based solar cells in which CZTS serves as the p-type absorber material. 
The ordered and disordered CZTS nanorods could be deposited on the gold substrate by 
EPD and doctor blading, followed by chemical bath deposition of the n-type buffer layer 
of CdS and sputtering deposition of the transparent conducting oxide layer of ZnO and 
ITO with thermal evaporation then used for the contact grid of Al/Ni. The performance 
of the finished photovoltaic device should then be examined by quantum efficiency and 
solar simulator measurements.  
It is known that the wurtzite CZTS nanorod assemblies can be phase transferred into 
kesterite large grains at relatively low temperatures within a few seconds. By slightly 
modifying the previous fabrication process with the addition of an annealing step of 
deposited CZTS nanorods assemblies, the p-type nanorods layer can be transformed into 
a bulk film containing large grains, which is expected to favour the carrier transportation 
in photoconversion. These accomplished solar cells which are made from CZTS nanorods 
assemblies but do not contain nanorod morphologies have been proven to largely reduce 
the fabrication cost and overcome the difficulties in the growth of homogeneous CZTS 
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films with controlled composition. Future studies should attempt to investigate the 
performances of this annealed solar cell and compare with the above non-annealed cells.  
Cadmium chalcogenide nanocrystals hold enormous potential for application in light-
emitting devices. In Chapter 5, we prepared a highly ordered and vertically aligned CdSeS 
nanorod assemblies across the entire ITO substrate by EPD. The obtained film 
demonstrated bandgap tunable features and directional emission spectra. The occurrence 
of amplified spontaneous emission was observed from the edges of cracks in the ordered 
system with a large optical gain coefficient achieved. To further demonstrate the 
capability of the ordered nanorod film as a suitable lasing material for top-down 
integrated photonics applications, a square shaped microcavity was patterned by focused 
ion beam. The edges of the square provided the feedback to form a resonant cavity. It was 
clearly observed that the light was scattered from the cavity edges. This method enables 
an alternative cost effective route to prepare custom defined microcavity lasers using 
nanocrystals as emitter materials and demonstrates commercial potential as an excellent 
material for integrated photonics. 
There are a few directions on this top-down fabrication route using the incorporation of 
EPD with dipolar nanocrystals. From the environmental protection perspective, the 
CdSexS1-x nanorod emitter could be replaced with other semiconductor materials with 
similar optical properties, but which comprise of less toxic elements, for example, ZnS, 
ZnSe and In2S3. From these three candidates, it has been reported that monodisperse ZnS 
nanorods can be synthesized by heating a mixture of zinc-ethylxanthate with the strong 
capping ligand octadecylamine, with these nanorods then being easy to assemble.1,2 The 
application of EPD to this material is highly attractive to produce ‘green’ light emitting 
devices using a wet-chemical approach. The synthetic route of 1D morphology of the 
other two materials is still being studied. 
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In Chapter 6, a heterostructure multilayer thin film comprising of alternating layers of 
CdSeS/Au/CdSeS is demonstrated using sequential deposition techniques with the three 
layer structures being formed using just two EPD steps. As the two types of nanorods 
have different dispersibility in non-polar solvent, the CdSeS nanorods can then migrate 
into the gaps between the GNRs and the substrate, forming an aligned film both at the 
bottom and the top of the GNR layer simultaneously. Moreover, we observed a four-fold 
increase in both PL and Raman signals compared with the CdSeS-only sample.  
The nanocrystal based optoelectronic devices with more complicated structure can be 
developed and fabricated by EPD when a highly ordered architecture is required. 
Rowland et al.3 reported a nanocomposite formed through sequentially stacking together 
two types of CdSe nanoplates with a very small difference in their bandgaps. This 
particular structure exhibits potential for the development of reduced threshold optical 
gain media, efficient LEDs, and multiexcitonic solar cells. Therefore, a sandwich 
structure of CdSeS/CdSe/CdSeS comprising of three alternating vertically aligned 
monolayers of CdSeS nanorods and CdSe nanorods is very promising. As our work to-
date has shown that the independent EPD assembly of these two nanorod compositions is 
easy to perform, future studies should focus on the operability of sequential application 
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